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There have been rapid advances in the development and applications of 
semiconductor quantum dots (QDs) represented by CdSe/ZnS. However, a serious 
limitation of these QDs is the necessary use of toxic heavy metals. Fluorescent “carbon 
dots” (surface passivated carbon nanoparticles) are developed as alternative to classical 
semiconductor QDs.  
The carbon dots could be made to be highly fluorescence, with emission quantum 
yields close to 60%. Their optical properties resemble bandgap transitions found in 
nanoscale semiconductors, suggesting that carbon particles at the nanoscale acquire 
essentially semiconductor-like characteristics. 
The fluorescence in carbon dots could be quenched efficiently by electron 
acceptor or donor molecules in solution, namely that photoexcited carbon dots are both 
excellent electron donors and excellent electron acceptors, thus offering new 
opportunities for their potential uses in light energy conversion and related applications. 
Carbon dots were doped by various inorganic salts, and the spectroscopic 
performances of carbon dots were found to be strongly related to the types of dopants. 
Experiment results showed that the fluorescence brightness of carbon dots was 
significantly enhanced by ZnS, ZnO or TiO2 as a dopant. Further fractionating the doped 
carbon dots resulted in some dots of the quantum yields up to 75%.  
As known in the literature, well-dispersed and functionalized carbon nanotubes 
exhibit visible fluorescence emissions due to passivated defects on the nanotube surface.
It was found in this study that the defects in nanotubes could be decorated by an 
 iii  
inorganic salt, which augmented the passivation effect of organic functionalization to 
result in dramatically enhanced emission intensities under both one- and two-photon 
excitation conditions. The structures and properties of the functionalized carbon 
nanotubes with inorganic coating were thoroughly characterized by using spectroscopy 
and microscopy techniques. The fluorescence decoration with the coating may serve as a 
tool in the study of surface defects in carbon nanotubes, and these brightly fluorescent 





This dissertation is dedicated to my beloved parents, Huiren Wang and Hui Li, 
my sister, Hongjing Wang and especially my wife, Qian Li for their love and 




I would like to express my gratitude to my advisor, Dr. Ya-Ping Sun for his 
wonderful guidance, his time spent with me and continued support throughout my 
graduate study period. His knowledge, dedication and diligence toward science have 
made a great impression upon me, which will guide me throughout my whole life. 
Firstly, I would like to give thinks to Dr. Mohammed J. Meziani, Dr. Bing Zhou, 
Dr. Suyuan Xie, Dr. Kurukulasuriya A. S. Fernando, who were the first ones leading me 
into the beautiful scientific area and showing me the excellent scientific culture of Sun 
research group. I would also like to give my special thinks to Dr. Fushen Lu and Dr. Li 
Cao, whom I am very fortunate to work with in last five years. My thanks also go to 
current group members: Dr. Pengju G. Luo, Dr. Leilei Tian, Dr. Anilkumar Parambath, 
Dr. Changyi Kong, Ms. Jiahui Liu and Mr. Sushant P. Sahu, and the past members: Dr. 
Yi Lin, Dr. Liangwei Qu, Dr. Huaping Li, Dr. Lingrong Gu, Dr. Wei Wang, Dr. Lucia M. 
Veca, Dr. Haifang Wang, Dr. Puyu Zhang, Dr. Heting Li, Dr. Gang Qi, Dr. Bailin Chen, 
Dr. Pankaj Pathak, Dr. Yang Liu, Ms. Barbara Hurruff, Mr. Darron Hill and Mr. 
Shengtao Yang. 
I am grateful to my committee members: Dr. William T. Pennington, Dr. Brian 
Dominy, and Dr. Gautam Bhattacharyya for their precious time and active help in the 
completion of this dissertation. 
 vi





TITLE PAGE .................................................................................................................... i 
 
ABSTRACT ..................................................................................................................... ii 
 
DEDICATION ................................................................................................................ iv 
 
ACKNOWLEDGMENTS ............................................................................................... v 
 
LIST OF TABLES ........................................................................................................ viii 
 
LIST OF FIGURES ........................................................................................................ ix 
 




 I. DEVELOPMENT OF PHOTOLUMINESCENT CARBON 
NANOPARTICLES ....................................................................................... 1 
 
   1.1 Introduction ........................................................................................ 1 
   1.2 Synthesis of Luminescent Carbon Nanoparticles .............................. 5 
   1.3 Photoluminescence Properties of Carbon Nanoparticles ................. 18 
   1.4 Application of Luminescent Carbon Nanoparticles ......................... 29 
   1.5 Outline of Dissertation ..................................................................... 42 
   References .............................................................................................. 46 
 
 II. PHOTOINDUCED ELECTRON TRANSFERS WITH  
CARBON DOTS ......................................................................................... 56 
 
   2.1 Introduction ...................................................................................... 56 
   2.2 Experimental Section ....................................................................... 58 
   2.3 Results and Discussion .................................................................... 60 
   References .............................................................................................. 68 
 
 III. BANDGAP-LIKE STRONG FLUORESCENCE IN  
FUNCTIONALIZED CARBON NANOPARTICLES ............................... 71 
 
   3.1 Introduction ...................................................................................... 71 
                        3.2 Experimental Section ....................................................................... 72 
 vii
Table of Contents (Continued) 
 
Page 
    
   3.3 Results and Discussion .................................................................... 75 
   References .............................................................................................. 90 
 
 IV. SYNTHESIS AND SPECTROSCOPIC STUDIES OF  
DOPED CARBON DOTS ........................................................................... 94 
 
   4.1 Doped Carbon Nanoparticles as a New Platform for Highly  
    Photoluminescent Dots .................................................................... 94 
   4.1.1 Introduction ............................................................................. 94 
   4.1.2 Experimental Section .............................................................. 96 
   4.1.3 Results and Discussion ........................................................... 98 
   References ...................................................................................... 106 
   4.2 Carbon Dots with the Core Doped by Different Salts  .................. 109 
   4.2.1 Introduction ........................................................................... 109 
   4.2.2 Experimental Section ............................................................ 110 
   4.2.3 Results and Discussion ......................................................... 115 
   References ...................................................................................... 162 
 
 V. FLUORESCENCE DECORATION OF DEFECTS IN CARBON 
NANOTUBES ........................................................................................... 166 
 
   5.1 Introduction .................................................................................... 166 
   5.2 Experimental Section ..................................................................... 167 
   5.3 Results and Discussion .................................................................. 171 
   References ............................................................................................ 185 
 
APPENDICES ............................................................................................................. 188 
 
 viii  
LIST OF TABLES 
 
 
Table                                                                                                                               Page 
 
 1.1 Structure and optical parameters of carbon nanoparticles  
   synthesized using varying methods ....................................................... 10 
 
 4.2.1 Dopant contents in the doped carbon nanoparticle 
   samples ................................................................................................. 122 
 
 4.2.2 Fluorescence quantum yields of carbon dot samples 
   in aqueous solutions at 400 nm, 440nm and 
   500 nm excitation wavelengths ............................................................ 125 
 
 4.2.3 Fluorescence lifetime (τF) of carbon dot samples ...................................... 150 
 
 ix
 LIST OF FIGURES 
 
 
Figure                                                                                                                             Page 
 
 1.1 Top: Representative STEM images of carbon dots  
   surface-passivated with (a) PEG1500N and (b) PPEI-EI;  
   Bottom: AFM topography (left), phase (middle), and  
   amplitude (right) images of the carbon dots with surface  
   passivation by PPEI-EI polymers ............................................................ 8 
 
 1.2 TEM images and HRTEM images (Inset) of luminescent  
   nanocrystals synthesized by electrochemical treatment  
   of MWNTs (Top) and Graphite (Bottom (a) carbon  
   nanocrystals <5kDa, (b) carbon nanocrystals 5-10kDa) ........................ 13 
 
 1.3 Top: A representative AFM image of luminescent carbon  
   nanoparticles derived from candle soot; Bottom:  
   Representative TEM micrographs of carbon nanoparticles  
   derived from natural gas at (A) low and (B) high resolution ................. 15 
 
1.4 Top: TEM (left) and HRTEM images of carbon nanoparticles  
   synthesized by pyrolysis of citrate salt. The corresponding  
   insets show individual core-shell dots and the SAED pattern 
   of crystalline core, The HRTEM images are from the  
   analysis of the inset particle shown with the arrow; Bottom: 
   core size histogram for carbon nanoparticles......................................... 16 
 
 1.5 Top: A representative TEM (Z-contrast) image and HR-TEM  
   image (Inset) of CZnS-Dots; Bottom: Representative TEM, 
   (left), HR-TEM (right) and histogram (Inset) of carbon  
   nanoparticles functionalized with silver ................................................ 19 
 
1.6 Top, left: The time-dependence of luminescence intensity of  
   PEG1500N-carbon dots measured in confocal microscopy (Leica 
   TCS SP2, the frame rate 37 ms/frame at 514 nm excitation). 
   Shown in the inset is a comparison of the same data (blue) with  
   that of a commercially available (Ted Pella, Inc, diameter  
   ~ 50 nm) blinking gold nanoparticles sample (red); Top, right:  
   Dependence of fluorescence intensity on excitation time for  
   carbon nanocrystals in ultra pure water; Bottom: Luminescence  
   images (all scale bars 20 µm) of the carbon dots with (a) argon  
   ion laser excitation at 458 nm and (b) femtosecond pulsed laser  
   excitation at 800 nm; (c) is an overlay of (a) and (b) ............................. 22 
 x
List of Figures (Continued) 
 
Figure                                                                                                                             Page 
 
 1.7 Top: aqueous solution of PEG1500N-attached carbon dots (a)  
   excited at 400 nm and photographed through band-pass  
   filters of different wavelengths as indicated, and (b)  
   excited at the indicated wavelengths and photographed  
   directly; Bottom: The absorption (ABS) and luminescence  
   emission spectra (with progressively longer excitation  
   wavelengths from 400 nm on the left in 20 nm increment)  
   of PPEI-EI carbon dots in an aqueous solution. The  
   emission spectral intensities are normalized to quantum  
   yields (normalized to spectral peaks in the inset.) ................................. 24 
 
 1.8 Left: Optical characterization of the purified carbon  
   nanoparticles. Optical images illuminated under white (top) 
   and UV light (312 nm; center), Fluorescence emission spectra  
   (excitation at 315 nm) of the corresponding  carbon nanoaprticle  
   solutions. The maximum emission wavelengths are indicated  
   above the spectra; Right: UV-vis absorption and fluorescence  
   spectrum of < 5 kDa fraction in aqueous solution (Top).  
   The emission spectrum was obtained under excitation at  
   330 nm, and the excitation spectrum was obtained at  
   the maximum emission wavelength of 445 nm. Inset:  
   digital photo for the product, illuminated with a UV lamp;  
   Fluorescence spectrum of 5–10 kDa fraction in aqueous  
   solution (Bottom), excitation wavelength: 370 nm; 
    the excitation spectrum collected at 510 nm. Inset:  
   digital photo for the product, illuminated with a UV lamp .................... 26 
 
 1.9 Results from cytotoxicity evaluations of carbon dots (black)  
   and PEG1500N (white). Data presented as mean ± SD (n = 4) ................ 31 
 
 1.10 Serum biochemistry results for mice intravenously exposed  
   to C-Dots at carbon core-equivalent of 8 mg/kg (gray) and  
   40 mg/kg (white) and the control mice (black) at 1 day (top), 
   7 days (middle), and 28 days (bottom) postexposure. Data  
   presented as mean ±SD (n = 5) .............................................................. 33 
 
 1.11 Top: Results from histopathological analyses of liver, spleen,  
   and kidneys. Bottom: Fluorescence images (two-photon  
   excitation at 800 nm) of sliced liver and spleen harvested  
   from mice 6 h after intravenous exposure to carbon dots. ..................... 34 
 xi
List of Figures (Continued) 
 
Figure                                                                                                                             Page 
 
 1.12 Confocal microscopy images of E. coli ATCC 25922 cells  
   labeled with the carbon dots prepared by laser ablation:  
   (a) λEX=458 nm, detected with 475 nm long pass filter;  
   (b) λEX=477 nm, detected with 505 nm long pass filter;  
   (c) λEX=488 nm, detected with 530 nm long pass filter;  
   (d) λEX=514 nm, detected with 560 nm long pass filter ......................... 36 
 
 1.13 Confocal microscopy images of E. coli ATCC 25922 cells  
   labeled with the carbon dots prepared by silica spheres  
   as carriers. A) λEX=458 nm, detected with 475 nm  
   long-pass filter; B) λEX=488 nm, detected with 505 nm 
   long-pass filter; C) λEX=514 nm, detected with 530 nm  
   long-pass filter ....................................................................................... 37 
 
 1.14 Representative two-photon luminescence images (800 nm  
   excitation) of human breast cancer MCF-7 cells with  
   internalized C-Dots ................................................................................ 38 
 
 1.15 Subcutaneous injection of (top) carbon dots and (bottom)  
   CZnS-Dots: (a) bright field, (b, d) as-detected fluorescence 
   (excitation/emission wavelengths indicated), and (c, e)  
   color-coded images ................................................................................ 40 
 
 1.16 Intravenous injection of carbon dots: (a) bright field, (b)  
   as-detected fluorescence (Bl, bladder; Ur, urine), and  
   (c) color-coded images ........................................................................... 41 
 
 1.17 ECL responses obtained on a GR electrode in 0.1 M PBS  
   (pH 7.0). The applied potential was cycled between -3.0  
   and 3.0 V at a scan rate of 0.1V/s. Inset: plot of ECL  
   intensity vs number of potential scan cycles .......................................... 43 
 
 1.18 Top: ECL of CNCs in aqueous 0.1 M PBS solution (pH 7.0)  
   in the (a) presence and (b) absence of 1 mM K2S2O8.  
   Inset: ECL responses of CNCs/S2O8
2- obtained during  
   a continuous potential scan at 0.1 V/s; Bottom:  
   representive ECL response (a) without and (b) with  
   CNPs at an ITO electrode in 0.1 M PBS (pH 7.0) 
   Inset: anodic ECL response during a continuous  
   potential scan, v = 0.1 V/s ...................................................................... 44 
 xii
List of Figures (Continued) 
 
Figure                                                                                                                             Page 
 
 2.1 TEM (left) and AFM (right) images of the carbon dots used  
   in this study. The TEM specimen was prepared by  
   depositing a few drops of a diluted carbon dot solution  
   onto a carbon-coated copper grid, followed by evaporation.  
   The AFM specimen on a mica surface was similarly prepared ............... 61 
 
 2.2 Top: Luminescence emission spectra (425 nm excitation) of  
   the carbon dots in toluene without (- - -) and with the  
   indicated quenchers (both 0.016 M, ―); Bottom:  
   Luminescence decays (407 nm excitation, monitored with  
   470 nm narrow bandpass filter) of the carbon dots without  
   (- - -) and with the quenchers (both 0.028 M, ―).................................. 62 
 
 2.3 Stern-Volmer plots for the quenching of luminescence quantum  
   yields (425 nm excitation) of the carbon dots by  
   2,4-dinitrotoluene (〇) and 4-nitrotoluene (△) in toluene;  
   and plots for the quenching of luminescence lifetimes (  
   407 nm excitation) by 2,4-dinitrotoluene (●) and  
   4-nitrotoluene (▲). The lines represent the best fits  
   (the least-square regression) of the respective data ............................... 64 
 
 2.4 Stern-Volmer plots for the quenching of luminescence quantum  
   yields (400 nm excitation) of the carbon dots by DEA in  
   methanol (〇, the line from fitting the data points up to  
   0.05 M) and chloroform (□, the line from fitting the data  
   points up to 0.08 M), and for the quenching of luminescence  
   lifetimes (407 nm excitation) in methanol (●). The  
   low-concentration portion of the same plot for diethylamine  
   as the quencher in methanol (
 
) is also shown for comparison ......... 66 
 
 3.1 Absorption and fluorescence (440 nm excitation) spectra of  
   the fractions 1 (a), 3 (b), 5 (c), and the most fluorescent  
   7 (d). Dashed lines in (d) represent the spectra of the  
   “as-prepared” sample for comparison .................................................... 78 
 
 3.2 Fluorescence quantum yields (〇) and lifetimes (▲) of the  
   different fractions, and the linear relationship between the  
   observed yields and lifetimes (inset)...................................................... 79 
 xiii  
List of Figures (Continued) 
 
Figure                                                                                                                             Page 
 
 3.3 Representative TEM images of carbon dots in the as-produced  
   sample (upper) and in the most fluorescent fraction (lower,  
   and also the attached high-resolution images of two dots),  
   with the corresponding statistical size analysis results based  
   on multiple images ................................................................................. 81 
 
 3.4 AFM topography images of carbon dots in the most fluorescent fraction. . 82 
 
 3.5 Absorption (ABS) and fluorescence (FLSC) spectra of carbon  
   dots in the most fluorescent fraction (- - -) are compared with  
   those of Invitrogen QD525PEG QDs (─) in aqueous solutions  
   (upper, FLSC intensities corresponding to excitations at matching  
   first band maximum A/kF values), and with those of ZnS-doped  
   carbon dots34 (lower).............................................................................. 84 
 
 3.6 Fluorescence microscopy images (458 nm excitation) of carbon dots  
   in as-prepared sample (upper left) and in the most fluorescent  
   fraction (lower left), and images of Invitrogen QD525PEG QDs  
   (upper right). The bar-chart comparison was based on averaging  
   300 most fluorescent dots in each of the three samples ......................... 85 
 
 4.1.1 Left: cartoon illustration on carbon dots with a doped carbon core  
   (from an experimental HR-TEM image with ZnS lattice fringes  
   circled). Right: aqueous solutions of CZnS-Dots and CZnO-Dots  
   (450 nm excitation for both) compared with a commercial toluene  
   solution of CdSe/ZnS dots (matching optical density at excitation),  
   all photographed through a 475 nm cutoff filter .................................... 95 
 
 4.1.2 TEM (Z-contrast) images of CZnS-Dots. (b) High-resolution 
   TEM images of individual carbon dots without doping 
   (left) and with ZnS-doping (right, showing lattice  
   fringes). (c) AFM topography images of CZnO-Dots on 
   a mica substrate (and the height profile along the line) ....................... 100 
 
 4.1.3 Absorption (ABS) and luminescence emission (FLSC, 440 nm  
   excitation, normalized against the peak intensity) spectra of  
   CZnS-Dots (left) and CZnO-Dots (right) in aqueous solutions.  
   As also shown for comparison, the carbon nanoparticles doped  
   with ZnS or ZnO but without PEGs were not emissive (dashed  
   lines, ×10 and offset by 0.1 for easier viewing) ................................... 102 
 xiv
List of Figures (Continued) 
 
Figure                                                                                                                             Page 
 
 4.1.4 One- (left, 458 nm excitation) and two-photon (right,  
   800 nm excitation) luminescence images of the CZnS  
   -Dots and that for the specimen from an infinitely  
   diluted solution (left inset) ................................................................... 104 
 
 4.2.1 A representative TEM (Z-contrast) image of CZnS-Dots  
   (upper) and high-resolution TEM images of the  
   individual CZnS-Dots (lower), with corresponding  
   statistical size analysis results based on multiple images .................... 117 
 
 4.2.2 A representative TEM (Z-contrast) image of CZnO-Dots  
   (left) and high-resolution TEM images of the individual  
   CZnO-Dots (right) .................................................................................. 118 
 
 4.2.3 TGA traces (10 ºC/min in continuous air flow) for C/ZnS (A) 
    and C/ZnS-post (B); and the X-ray diffraction pattern of  
   C/ZnS (upper) and the TGA residue of C/ZnS-post (bottom),  
   along with the standard ZnS (Wurtzite, ——) and ZnO  
   (Zincite,     - - -) from JCPDS database (C) ......................................... 120 
 
 4.2.4 TGA traces (10 ºC/min in continuous air flow) for C/ZnO (A)  
   and C/ZnO-post (B); and the X-ray diffraction pattern of  
   C/ZnO (upper) and the TGA residue of C/ZnO-post  
   (bottom), along with the standard ZnO (Zincite) from  
   JCPDS database (C) ............................................................................. 121 
 
 4.2.5 Absorption (ABS) and luminescence emission (FLSC, 
    440 nm excitation, normalized against the peak  
   intensity) spectra of CZnS-Dots (left) and CZnO-Dots  
   (right) in aqueous solutions .................................................................. 124 
 
 4.2.6 A) A representative TEM (Z-contrast) image of CTiO2-Dots;  
   (B) A representative AFM topography image of  
   CTiO2-Dots on a mica substrate and the height profile  
   plot along the line; (C) High-resolution TEM images  
   of the individual CTiO2-Dots ................................................................. 127 
 
 xv
List of Figures (Continued) 
 
Figure                                                                                                                             Page 
 
 4.2.7 (A) A representative TEM (Z-contrast) image of CSiO2-Dots;  
   (B) A representative AFM topography image of  
   CSiO2-Dots on a mica substrate with the height profile  
   plot along the line; (C) High-resolution TEM images of  
   the individual CSiO2-Dots ..................................................................... 128 
 
 4.2.8 TGA traces (10 ºC/min in continuous air flow) for C/TiO2 (A)  
   and C/TiO2-post (B); and the X-ray diffraction pattern of  
   C/TiO2 (upper) and  the TGA residue of C/TiO2-post  
   (bottom), along with the standard TiO2 (anatase, —— and  
   rutile, - - -) from the JCPDS database (C) ........................................... 130 
 
 4.2.9 TGA traces (10 ºC/min in continuous air flow) for C/SiO2 (A)  
   and C/SiO2-post (B); and the X-ray diffraction pattern of  
   C/SiO2 (upper) and the TGA residue of C/SiO2-post  
   (bottom), along with the standard SiO2 (no-crystalline  
   phase) from the JCPDS database (C) ................................................... 131 
 
 4.2.10 Absorption (ABS) and luminescence emission (FLSC, 440 nm  
   excitation, normalized against the peak intensity) spectra  
   of CTiO2-Dots (left) and CSiO2-Dots (right) in aqueous solutions ......... 133 
 
 4.2.11 TEM images of CAgCl-Dots: (A) A representative S-TEM  
   image (Z-contrast) in dark field; (B) A representative  
   image in bright field; (C) High-resolution images of  
   individual dots ...................................................................................... 135 
 
 4.2.12 TGA traces (10 ºC/min in continuous air flow) for C/AgCl (A)  
   and C/AgCl-post (B); and X-ray diffraction patterns of C/AgCl  
   (upper) and the TGA residue of C/AgCl-post (lower), along  
   with the standard AgCl (Chlorargyrite, ——) and Ag metal  
   (Silver-3C, - - -) from the JCPDS database (C) ................................... 137 
 
 4.2.13 TGA traces (10 ºC/min in continuous air flow) for C/Fe3O4 (A) 
    and C/Fe3O4-post (B); and the X-ray diffraction pattern of  
   C/Fe3O4 (upper) and the TGA residue of C/Fe3O4-post (lower), 
   along with the standard Fe3O4 (——) and Fe2O3 (- - -) from 
   the JCPDS database (C) ....................................................................... 138 
 
 xvi
List of Figures (Continued) 
 
Figure                                                                                                                             Page 
 
 4.2.14 Absorption (ABS) and luminescence emission (FLSC,  
   440 nm excitation, normalized against the peak intensity)  
   spectra of CAgCl-Dots (left) and CFe3O4-Dots (right) in  
   aqueous solutions ................................................................................. 139 
 
 4.2.15 Absorption spectra (normalized at 400 nm) of C-Dots  
   (black), CZnS-Dots (red), CZnO-Dots (green), CTiO2-Dots  
   (yellow), CSiO2-Dots (blue), CAgCl-Dots (pink), and  
   CFe3O4-Dots (cyan) in aqueous solutions. Shown in  
   the inset are the enlarged absorption shoulders within  
   the blue region...................................................................................... 141 
 
 4.2.16 Fluorescence spectra (440 nm excitation) of C-Dots (black), 
   CZnS-Dots (red), CZnO-Dots (green), CTiO2-Dots (yellow),  
   CSiO2-Dots (blue), CAgCl-Dots (pink), and CFe3O4-Dots  
   (cyan). The emission spectral intensities are normalized  
   to quantum yields (normalized to spectral peaks in the inset) ............. 142 
 
 4.2.17 Fluorescence spectra (400 nm excitation) of C-Dots (black), 
    CZnS-Dots (red), CZnO-Dots (green), CTiO2-Dots (yellow),  
   CSiO2-Dots (blue), CAgCl-Dots (pink), and CFe3O4-Dots (cyan). 
   The emission spectral intensities are normalized to quantum 
   yields. Shown in the inset is a deconvolution of the 
    fluorescence spectrum of C-Dots based on two  
   Lorentzian peaks (reproduced curve, - - -) ........................................... 144 
 
 4.2.18 Fluorescence spectra (500 nm excitation) of C-Dots (black),  
   CZnS-Dots (red), CZnO-Dots (green), CTiO2-Dots (yellow),  
   CSiO2-Dots (blue), CAgCl-Dots (pink), and CFe3O4-Dots  
   (cyan). The emission spectral intensities are normalized  
   to quantum yields (normalized to spectral peaks in the inset) ............. 146 
 
 4.2.19 Luminescence decays (407 nm excitation, monitored with a  
   470 nm narrow bandpass filter) of C-Dots (black),  
   CZnS-Dots (red), CTiO2-Dots (yellow), CSiO2-Dots (blue)  
   and CAgCl-Dots (pink) ........................................................................... 148 
 
 xvii
List of Figures (Continued) 
 
Figure                                                                                                                             Page 
 
 4.2.20 Luminescence decays (407 nm excitation, monitored with  
   470 nm narrow bandpass filter) of CZnS-Dots (red, ——)  
   and the corresponding instrumental response functions  
   (black, ——). The decay was fitted by using a triple- 
   exponential function to yield a reproduced curve  
   (black, - - -) .......................................................................................... 149 
 
 4.2.21 Absorption and fluorescence (440 nm excitation) spectra of  
   the fractions 1 (A), 3 (B), 5 (C), and the most fluorescent  
   7 (D) of CZnS-Dots. Also shown in (D), represented by  
   the dashed line, is the absorption spectrum of the most  
   fluorescent C-Dots20 for comparison ................................................... 154 
 
 4.2.22 Fluorescence quantum yields (〇) and lifetimes (▲) of  
   the different fractions of CZnS-Dots, and the linear  
   relationship between the observed yields and lifetimes  
   (inset) ................................................................................................... 155 
 
 4.2.23 A representative TEM image of the most fluorescent  
   CZnS-Dots (upper) and high-resolution images of two  
   individual dots (lower), with the corresponding statistical  
   size analysis results based on multiple images .................................... 157 
 
 4.2.24 Absorption and fluorescence (440 nm excitation) spectra  
   of fractions 1 (A), 3 (B), 5 (C), and the most fluorescent  
   7 (D) of CTiO2-Dots .............................................................................. 158 
 
 4.2.25 Fluorescence quantum yields (〇) and lifetimes (▲) of  
   the different fractions of CTiO2-Dots, and the linear 
   relationship between the observed yields and lifetimes  
   (inset) ................................................................................................... 159 
 
 5.1 Fluorescence images (458 nm excitation) of the specimens  
   on cover glass, left: PEG-SWNT/ZnS (upper), 
   PEG-MWNT/ZnS (lower), and insets for corresponding  
   selected species at a higher resolution; right: PEG-SWNT  
   (upper) and PEG-MWNT (lower) ........................................................ 173 
 xviii  
List of Figures (Continued) 
 
Figure                                                                                                                             Page 
 
 5.2 Absorption (ABS) and fluorescence (440 nm excitation)  
   spectra, upper: PEG-SWNT/ZnS (───) and PEG-SWNT  
   (- - - -); lower: PEG-MWNT/ZnS (───) and PEG-MWNT  
   (- - - -). Shown in insets are corresponding comparisons  
   between fluorescence spectra of the specimens (─o─) and  
   those in solution (──) .......................................................................... 174 
 
 5.3 The PEG-MWNT/ZnS specimen on cover glass: the AFM  
   phase image (upper left, with the highlighted regions  
   enlarged in lower left), fluorescence image at 458 nm  
   excitation (upper right, enlarged from the highlight region  
   in the inset), and the overlapping between the AFM and  
   fluorescence images (lower right) ........................................................ 178 
 
 5.4 TEM images of the specimens on holey carbon-coated copper 
   grids, upper: PEG-SWNT/ZnS (left: S-TEM Z-contrast  
   dark field; right: TEM bright field; and insets: corresponding  
   high-resolution images); lower: PEG-MWNT/ZnS (left and  
   right: S-TEM Z-contrast dark field; and inset: TEM bright  
   field at high resolution) ........................................................................ 180 
 
 5.5 Raman spectra (785 nm excitation) of SWNT/ZnS (───)  
   and MWNT/ZnS (· ·) obtained from thermal  
   defunctionalization (heated to 400 °C and kept for 30  
   min in inert atmosphere) of PEG-SWNT/ZnS and  
   PEG-MWNT/ZnS, respectively ........................................................... 182 
 
 5.6 Two-photon (800 nm femtosecond laser excitation) fluorescence  
   image of PEG-MWNT/ ZnS (left) and a comparison of the  
   corresponding fluorescence spectrum (─o─) with the  
   one-photon spectrum in solution (400 nm excitation, ───) ............... 184 
 
 xix
LIST OF SCHEMES 
 
 
SCHEME                                                                                                                        Page 
 
 1.1 Synthetic methods to produce luminescent carbon nanoparticles 
    A) Top-down approaches B) Bottom-up approaches ............................. 7 
 
 2.1 Representation of a carbon dot containing an oligmeric PEG  
   diamino surface passive agent ............................................................... 57 
 
 3.1 Representation of a carbon dot containing an oligomeric PEG  
   diamino surface passive agent. .............................................................. 76 
 
 4.1 Representation of PEG1500N-functionalized ZnS-coated carbon  




DEVELOPMENT OF PHOTOLUMINESCENT CARBON NANOPARTICLES 
 
1.1 Introduction 
Fluorescence, first reported by Sir John Frederick William Herschel in 1845,1 is 
typically observed in organic dyes (aromatic molecules) such as quinine and rhodamine 
B. More recently, luminescent nanomaterials have attracted much attention for use in 
various applications because of their optical properties, including long-term stability and 
no blinking, which not found in organic dyes. Semiconductor quantum dots appear to be 
the best candidates;2-7 however their toxicity limits their potential applications.8,9 Other 
benign nanomaterials have also been explored for use in biological and other 
applications, specifically carbon-based materials such as luminescent nanodiamonds 
(typically > 20 nm)10-12 and luminescent carbon nanoparticles13-16 (typically < 10 nm).  
 
1.1.1 Semiconductor Quantum Dots 
With the potential to replace organic dyes, semiconductor quantum dots are 
currently the most promising class of fluorescent materials because of th ir outstanding 
optical properties, including size-controlled fluorescence characteristics,2,17-20 high 
photostabiliy,21 high quantum yields22-26 and photoelectrochemical activities.5,27-33 While 
there are many kinds of semiconductor quantum dots derived from single element Si34-37 
to alloys such as InP38-40, current interest is focused on the II – VI semiconductor 
nanocrystals, or CdSe quantum dots, as they offer significant advantages for a variety of 
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purposes and applications, especially for their potential uses in bio-imaging3,4,6,41-44 and in 
light-harvesting materials.5,27,28 The synthesis, optical properties, and applications of 
semiconductor quantum dots have been documented well in a number of recent reviews.3-
7,27,44  
As widely acknowledged, however, the primary disadvantage of these quantum 
dots, especially CdSe quantum dots, is their toxicity. Because they are primarily 
composed of cadmium or other heavy metals, they have severe health risks.8,9,45 For 
example, cadmium toxicity is associated with liver and kidney damage, osteomalacia, 
osteoporosis, skeletal deformations, neurological problems, and other health issues.9,45 In 
addition, this element is considered to be a carcinogen.45 The major concern on CdSe 
quantum dots is the toxicity resulting from the CdSe core, especially if it is uncoated 
since the free cadmium present after synthesis or released from the core of quantum 
dots46-48 generates free radials to “nick” DNA.49,50 In addressing this issue, researchers 
have found that the toxicity from semiconductor cores can be partially reduced by 
enclosing them in a ZnS shell or using some other capping materials.48,51 However, there 
are still potential and even practical issues related to safety. For exampl , the degradation 
of the ZnS shell and other capping materials52-54 can be toxic. According to the discussion 
in ref. 47 and 50, a ZnS shell did not completely eliminate the free radical species 
generated from CdSe cores. Moreover, the ZnS shell and capping materials themselves 
can result in toxicity issues as well.50,55 Additionally, studies in animal have indicated 
toxicity to vertebrate systems at relatively low concentrations47,48,57,58 and accumulation 
in organs and tissues.59-62  
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1.1.2 Luminescent Nanodiamonds 
Recently, diamond-based luminescent nanoparticles have been suggested10-12 as 
candidates for biological, quantum information processing, and other applications.10,63-70 
Luminescence originates from defect sites within the diamond structure which contain 
impurities (non-carbon atoms). Nitrogen, the most common impurity, forms a series of 
color centers in the diamond structure. The Nitrogen–vacancy complex (N-V defect), 
which is comprised of a single nitrogen impurity in a substitutional position directly 
adjacent to a lattice vacancy, is one of these color centers and has attracted attention for 
possible use in the field of nanomedicine.11 The N-V defects can be efficiently created 
through the electron irradiation (2 or 3 MeV) of type Ib diamond nanopowders, and then 
thermally annealed at high temperature (700-900 ºC) in vacuum.10,63,71 The fluorescence 
spectra observed (using a confocal optical microscope with a 532 nm solid-state la er  as 
the excitation source) are highly heterogeneous, with two sharp zero-photon lines (ZPLs) 
representing two types of N-V defects.10,63 The first at 576 nm corresponds to the 
electronic transition of the neutral defect center (N-V)0, and the second at 638 nm 
corresponds to the negatively charged defect center (N-V)-. Both ZPLs are accompanied 
by broad phonon sidebands with a red shift of ~50 nm.63 The emission intensities of 
luminescent nanodiamonds under excitation with a 532 nm light at a power density of 8 x 
103 W/cm2 are very stable, showing no change over 300s, a sharp contrast to complete 
photobleaching found in single dye molecules (Alexa Fluor 546) within 12s. The 
quantum efficiency of a single defect center reported in the literature is close to 1.10,71 
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These properties, combined with their nontoxic nature,10,72-76 have resulted in increasing 
use of luminescent nanodiamonds in biological applications such as cell imaging.10,63,65-
67,70  
However, applications of luminescent nanodiamonds are limited by two 
disadvantages. The first is the low fluorescence intensity of individual nanodiam nds. Fu 
et al.63 reported 35 nm nanodiamonds containing ~100 defect centers per particle showed 
a similar emission intensity to a single CdSe quantum dots (core size ~4 nm) under the 
same conditions. These results suggest that even if the diameter of the nanodiamonds can 
be decreased to 10 nm with the defect/volume ratio remaining the same, their average 
intensity would still be much lower (~40-fold lower) than that of CdSe quantum dots. 
Even worse, it is also reported in ref. 78 that the probability of observing an NV defect
decreases rapidly as the crystal size is reduced. These results have been confirmed by Hui 
et al. who found up to 8 ± 1 (N-V)- defects per particle in ~28 nm nanodiamonds.77 The 
second disadvantage is the large size of the nanodiamonds. There is a concern that N-V 
defects may not exist when the diameter of the nanodiamond is less than 10 nm. For
example, Rabeau et al. reported no N-V defects synthesized by chemical vapor 
deposition in nanodiamonds of less than 40 nm.78 The theoretical calculations of Barnard 
and co-workers79,80 also predicted that nitrogen is metastable when the particle diameter 
is small. Experimental results have also shown that the photoluminescence from 
nanodiamonds at sizes less than 5 nm was dominated by surface defects.81 Although N-V 
defect centers were detected by Smith et al. in 5 nm nanodiamonds,82 the luminescence 
from N-V defects was very weak in comparison to large nanodiamonds that coexisted 
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with and were quenched81 by surface-defect luminescence and that might unstable under 
annealing conditions. Thus, even though research indicates that luminescent 
nanodiamonds may be widely useful in future work, currently their optical performance 
cannot compete with that of CdSe quantum dots. 
 
1.1.3 Luminescent Carbon Nanoparticles 
Both semiconductor quantum dots and luminescent nanodiamonds exhibit 
promising optical properties, but with obvious limitations. Recently, another carbon-
based luminescent nanoparticle has emerged as a new category of fluorescence materials 
which can be used in many biological applications.13-16,83,84 These carbon nanoparticles 
have been characterized as small,13-16 strongly fluorescent,13,85 highly photostable13,86 and 
non-toxic. 87 Their synthesis, optical performance, and applications are discussed in 
sections 1.2-1.4. 
 
1.2 Synthesis of Luminescent Carbon Nanoparticles 
Recently, several methods for obtaining luminescent carbon nanoparticles were 
reported by Sun and other groups.13-16 One common objective of these synthetic methods 
involves generating carbon nanoparticles of less than 10 nm in diameter. Top-down 
approaches (Scheme 1.1, A) are usually used to produce carbon nanoparticles by 
breaking down bulky carbon materials such as graphite, multiwalled carbon nanotubes, or 
candle soots.13-15 Various strategies have been applied to create luminescent carbon 
nanoparticles, including surface passivation of laser-produced carbon soot,13
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electrochemical treatment of carbon-based materials,14,84,88 and acid treatment of candle 
or natural gas soot.15,89,90 Bottom-up approaches (Scheme 1.1, B) include synthesis of the 
luminescent carbon nanoparticles from carbonization of organic molecules.16,86,91,92  
 
1.2.1 Surface Passivation of Laser-Produced Carbon Nanoparticles 
Since the 1980s, pulsed lasers, such as UV excimer lasers and Nd:YAG lasers, 
have been used for the deposition of either diamond-like or amorphous carbon films onto 
various substrates.93-96 Further investigation has focused on the synthesis of nanoscale 
carbon nanoparticles through laser pyrolysis.97-99 In those experiments, carbon targets 
were irradiated under such conditions as in argon gas or aqueous solution. No significant 
photoluminescence was reported from those laser-produced carbon nanoparticles, 
perhaps because of either the large size of the carbon nanoparticles (from 10 nm to 100 
nm) or the lack of surface passivation.  
In 2006, Sun and co-workers found that nanoscale carbon particles upon simple 
surface passivation (carbon dots) exhibited strong photoluminescence in both solution 
and the solid state13 (Scheme 1.1). These nanoscale carbon particles were first 
synthesized through laser pyrolysis (Nd:YAG laser, 1064 nm) of a graphitic target, and 
then followed by acid treatment and surface passivation with organic molecules such as 
PEG1500N (diamine-terminated oligomeric polyethylene glycol, 
H2NCH2(CH2CH2O)35CH2CH2CH2NH2) or PPEI-EI (polypropionylethyleneimine-co-
ethyleneimine). Both PEG1500N- and PPEI-EI-functionalized samples were found to be 
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Scheme 1.1 Synthetic methods for producing luminescent carbon nanoparticles A) Top-
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Figure 1.1 Top: Representative STEM images of carbon dots surface-passivated with (a) 
PEG1500N and (b) PPEI-EI; Bottom: AFM topography (left), phase (middle), and 
amplitude (right) images of carbon dots with surface passivation by PPEI-EI polymers. 




well-dispersed and approximately 5 nm in diameter, as confirmed by both TEM and 
AFM analyses (Figure 1.1). 
A similar method was used by Hu and co-workers, although they changed the 
experimental conditions and the targeting materials100,101 (Table 1.1). A Nd:YAG laser 
was used to irradiate dispersed graphite powders (or carbon black) in an aqueous 
solution, and subsequently treated with acid and surface passivation. It may also be
possible to perform laser irradiation and surface passivation in one step by irradiating the 
graphite powders dispersed in organic solvents such as PEG200N.
102  
The common consensus is that organic molecules can be attached to the surface of 
carbon nanoparticles. However, there is disagreement about the determination of the 
structures of the carbon cores. Sun and co-workers13 obtained Raman spectra (633 nm 
excitation) of carbon nanoparticles without passivation, representing the contributions of 
both sp2 (G-band at 1,590 cm-1) and sp3 carbons (D-band at 1,320 cm-1). However, this 
result cannot be used to determine the structure of carbon cores since both multi-layer 
graphene and nanodiamonds at 5 nm in size exhibit similar Raman spectra.82,103,104 The 
structure of carbon cores was described as amorphous carbon since no clear crystalline 
structures were visualized in HR-TEM images.85  Other research groups101-102 claimed 
that  nanodiamond structures were formed by laser irradiation on the basis of HRTEM 
images of single nanoparticles and electron diffractions, which was questionable since the 
lattice fringes of the diffraction planes of diamond-like and graphitic carbons are very 
close to each other.89 Further experimental evidence such as 13C NMR spectra of carbon 
dots are needed to verify the structures of carbon cores. 
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Graphite ~ 5 nm Amorphous carbon 4-10% (400nm) 13 
Graphite ~ 5nm Amorphous carbon 
with dopants 
~ 50% (440nm) 85 
Laser ablation in water 
Surface passivation 
Graphite ~7.2 nm Diamond  100 
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Electrochemical 
treatment 
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Graphite 1.9 ± 0.3 nm 
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Graphite 1.2% (330 nm) 84,88 
Acid treatment of carbon 
soots 
Candle soot ~ 1 nm  ~ 1% (366 nm) 15 
Natural gas soot 4.8 ± 0.6 nm Graphite 0.43% (310 nm) 89 
Candle soot 2-6 nm Graphite ~3 % 90 
Pyrolysis Amino organic 
molecules 





Carbohydrates ~ 5 nm Graphite oxide 13% (360 nm) 112 
Microwave 
Surface passivation 
Saccharide  2.75 ± 0.45 nm 
3.65 ± 0.6nm 
Amorphous carbon 3.1%-6.3% 92 









In addition, it is important to remember that the structures of laser-produced 
carbon nanoparticles can vary based on such laser irradiation conditions as the furnace 
temperature or the laser intensity.94,95 It is also possible different structures of carbon 
cores can be formed under various laser irradiation conditions. 
 
1.2.2 Electrochemical Treatment of Carbon-based Materials 
Another effective method for making luminescent carbon nanoparticles is 
electrochemical decomposition/oxidation of carbon-based materials14,84,88 (Scheme 1.1). 
In 2007, Zhou et al. first reported that the electrochemical treatment of mulitwalled 
carbon nanotubes (MWCNTs) could yield blue luminescent graphitic nanocrystals14 
(Table 1.1). In their experiments, MWCNTs deposited on carbon paper were used as a 
working electrode, while Pt wire and Ag/AgClO4 functioned as the counter elect ode and 
reference electrode, respectively. The applied potential at the working electrode was 
cycled between -2.0 V and 2.0 V at a scan rate of 0.5 V/s. Graphitic nanocrystals with a 
small distribution range of 2.8 ± 0.5 nm were generated and dispersed into electrolyt  
solutions (TBAP) along with the breaking process of MWCNTs during the 
electrochemical cycling (Figure 1.2, Top). The surface chemical components of these 
carbon nanocrystals were examined using X-ray absorption near-edge structure (XANES) 
and X-ray excited optical luminescence (XEOL) to show the surface impurities 
(vacancies) of O and N elements, which may be essential to the mechanism of 
luminescence.105 A similar electrochemical treatment has also been applied to the 
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oxidation of graphite.84,88 Zhao et al., for example, reported a graphite column electrode 
(working electrode) could be electro-oxidized to nano-sized carbon graphitic crystals 
which were separated by weight cutoff membranes. According to the TEM results 
(Figure 1.2, bottom), the first two fractions with molecular weights > 5 and 5-10 kDa had 
a spherical shape and a small distribution range of 1.9 ± 0.3 nm and 3.2 ± 0.5 nm, 
respectively. 
 
1.2.3 Acid Treatment of Candle or Natural Gas Soot 
Luminescent carbon nanoparticles were also synthesized through either the acid 
treatment of candle or natural gas soot.15,89 Candle or natural gas soot was first collected 
from a glass plate placed over a smoldering candle or a beaker placed upside-down above 
the flame of a natural gas burner and then followed by refluxing in 5 M HNO3 for 12 h to 
generate luminescent carbon nanoparticles (Scheme 1.1). AFM (Figure 1.3) and 
elemental analysis determined that the luminescent carbon nanoparticles from candle soot 
were quite small, approximating 1 nm with a 10 atom% nitrogen content.15 The size 
disparity of the carbon nanoparticles from natural gas soot was from 4.4 to 5.4 nm 
(Figure 1.3), larger than that from candle soot. HR-TEM images indicated that the l tice 
structures of carbon cores were identical to graphitic carbon, which was also confirmed 
by 13C NMR results.89 The peaks of the 13C NMR spectrum were only observed within 
the range of 120 to 150 ppm and 170 to 180 ppm, indicating aromatic carbon cores and 
peripheral carboxylic/carbonyl carbons. The fact that no signal was seen below 120 ppm 

















Figure 1.2 TEM images and HRTEM images (Inset) of luminescent nanocrystals 
synthesized by electrochemical treatment of MWNTs (Top) and Graphite (Bo tom (a) 
carbon nanocrystals <5kDa, (b) carbon nanocrystals 5-10kDa) (From Ref. [14] and [88].) 
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An additional efficient separation method, recently proposed by Ray et l.,
involves selectively obtaining carbon nanoparticles from acid-treated candle soot.90 Since 
carbon nanoparticles generated from acid-treated candle soot are very stable when 
suspended in either aqueous or ethanolic solutions even at 16,000 rpm centrifugation, 
carbon nanoparticles were dissolved in a solvent mixture of water-ethanol-chloroform 
(volume ratio 1:1:3) as centrifugation precursor, the chloroform being specifically 
targeted to decrease the solubility of carbon nanoparticles. The supernatant collected after 
8,000 rpm centrifugation contained graphitic carbon particles 2-6 nm in diameter 
composed of 4 atom% nitrogen and 37 atom% oxygen. 
 
1.2.4 Carbonization of Organic Molecules 
Although recent research on synthesizing luminescent carbon nanoparticles has 
focused on top-down strategies, there has also been some work on the bottom-up 
approach.16,86,91,92 For example, though Kowalewski and co-workers synthesized carbon 
nanoparticles approximating 10 nm or smaller through pyrolysis of organic compounds 
solubilized either in organic solvents or in an aqueous solution,106 no luminescence was 
reportedly exhibited by those carbon nanoparticles. Bourlinos et al. were the first to 
report observing luminescence from carbon nanoparticles synthesized by thermal 
decomposition (carbonization) of either ammonium citrate salts or 4-aminoantipyrine in 
air at 300 ºC 16,91 (Scheme 1.1). The structure of carbon nanoparticles made from 















Figure 1.3 Top: A representative AFM image of luminescent carbon nanoparticles 
derived from candle soot; Bottom: Representative TEM micrographs of carbon 


















Figure 1.4 Top: TEM (left) and HRTEM images of carbon nanoparticles synthesized 
through pyrolysis of citrate salt. The corresponding insets show individual core-shell dots 
and the SAED pattern of the crystalline core, The HRTEM images are from the analysis 
of the inset particle shown with the arrow; Bottom: core size histogram of carbon 
nanoparticles. (From Ref. [91].) 
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showed that both aromatic and aliphatic regions were found in the carbon cores ranging
from 5 – 10 nm size and the structures were most likely similar to graphite oxide (Figure 
1.4). In addition to direct thermal decomposition, other applied carbonization methods 
include microwave synthesis,92 the use of silica spheres as carriers for carbon 
nanoparticles,86 and dehydration of carbohydates112 (Scheme 1.1). 
 
1.2.5 Luminescent Carbon Nanocomposites 
In 2008, Sun and co-workers reported that semiconductor doping on the surface 
of carbon dots (CZnS-Dots or CZnO-Dots) could achieve much higher photoluminescence 
quantum yields than undoped carbon dots, which is comparable to the commercially 
available CdSe/ZnS quantum dots.85 In their experiments, semiconductors such as ZnS or 
ZnO were doped on the surface of acid-treated carbon nanoparticles, and followed by 
SDS activation and surface passivation. Carbon dots at approximating 5 nm were 
visualized by high-resolution TEM which showed partially doped semiconductors on the 
carbon surface (Figure 1.5, Top). In addition to semiconductors, it is also possible to 
deposit metals such as Ag, Cu and Pd on the surface of carbon particles to form metal-
carbon nanocomposites through chemical reduction.89 Metal ions were mixed 
experimentally with carbon nanoparticles produced by acid treatment of natural gas soot 
in an aqueous solution and then reduced using ascorbic acid. The TEM images indicated 
nanocomposites with an average diameter of 16-20 nm (Figure 1.5, Bottom) were 
composed of the metal particles embedded in the carbon matrix. After deposition, the 
metal-carbon nanocomposites exhibited photoluminescence with a slight red shift. 
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1.3 Photoluminescence Properties of Carbon Nanoparticles 
Luminescent carbon nanoparticles have the potential as an alternative to 
semiconductor quantum dots because their optical performance is as good as or even 
better than that of quantum dots, including strong photoluminescence (high quantum 
yields and absorptivities),13,85,107 high photostability (low photobleaching and no 
blinking)13,86,88 and strong two-photon emission.108 However, there are still many 
questions related to these carbon nanoparticles that must be resolved, primarily about 
their luminescence mechanism. Several research groups have proposed luminescence 
mechanisms individually based on observations of the behavior of carbon nanoparticles, 
which are mostly conflicted with each other. Sections 1.3.1 to 1.3.4 discuss these issues. 
 
1.3.1 Luminescence Brightness, Photostability and Two-photon emission of Carbon 
Nanoparticles 
Fluorescence brightness is proportional to the quantum yield and molar 
absorptivity of the fluorophore. Table 1.1 shows that surface passivation is an essential 
step for acquiring high quantum yields, regardless of carbon sources and preparation 
methods. Without surface passivation, quantum yields of most naked carbon 
nanoparticles are much less than 5%.15,16,84,88,89,90,91 A clear demonstration of the effects 
of surface passivation was reported by Peng t al., who prepared carbogenic dots through 
the dehydration of carbohydrates such as glucose and followed by passivation with 


















Figure 1.5 Top: A representative TEM (Z-contrast) image and HR-TEM image (Ins t) of 
CZnS-Dots; Bottom: Representative TEM (left), HR-TEM (right) and histogram (Inset) of 




passivation dramatically enhanced the photoluminescence intensity of carbogenic dots, 
quantum yield improving from 1% to 13%, while the emission spectra with a slightly 
narrower bandwidth did not significantly shift after surface passivation. Quantum yields 
of carbon nanoparticles vary, depending on the types of surface-passivation, with most 
being near to or higher than 10 %, comparable to luminescent Si nanoparticles.37 Until 
recently, the maximum of quantum yields reached 57% for carbon nanoparticles107 and 
up to 75% (at 440 nm excitation) for doped carbon nanoparticles. These quantum yields 
are competitive to or even higher than those in commercially available CdS /ZnS 
quantum dots,22-26 indicating their potential usefulness in a myriad of applications.  
In addition to quantum yields, the high absorptivities of carbon nanoparticles 
make them more promising for further use. The radiative rate constant (kF) of separated 
carbon dots with a 57% quantum yield was measured by Sun and co-workers, 
approximating 3 times higher than that in commercially available CdSe/Zn quantum 
dots. Since radiative rate constants are proportional to integrated molar absorptivities, the 
luminescence of carbon dots at the single molecular level can be much brighter than that 
of quantum dots. This conclusion was confirmed by confocal fluorescence imaging 
results.107 
The photostability including low photobleaching and no blinking is another 
significant facet in the research of luminescent carbon nanoparticles. Sun and other 
groups found that the photoluminescence of surface-passivated carbon dots caused no 
meaningful reduction in the observed intensities after continuously repeating excitations 
for several hours.13 They also found no blinking in the luminescence emissions of these 
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carbon dots (Figure 1.6, Top), unlike in organic dyes, CdSe quantum dots and other 
nanoparticles.13,86 Similarly, Zhao et al.88 demonstrated the stability of 
photoluminescence of carbon nanoparticles synthesized through electronchemical 
treatment of graphite after a continuous excitation over 6 h with a Xe lamp (8.3 W) 
(Figure 1.6, Top). These investigations indicate the superiority of carbon nanoparticles 
over organic dyes and most semiconductor quantum dots, suggesting their applications in 
single molecular tracking and for long-term in vitro and in vivo observations. 
Surface-passivated carbon dots also exhibit very strong two-photon activity.108 
Figure 1.6 (a) (b) show one- and two-photon luminescence images under laser excitation 
at 458 nm and 800 nm, respectively. As compared in Figure 1.6 (c), the one- and two-
photon luminescence images for the same scanning area match well. The estimated two-
photon absorption cross-section of carbon dots at 800 nm was 39,000 ± 5,000 GM, the 
same level as the two-photon absorption cross-section of CdSe/ZnS quantum dots which 
was estimated to be on the order of 50,000 GM.41 In addition, the carbon dots were 
photostable under the two-photon imaging conditions with more than 3000 scanning 
times of repeated 800 nm excitations. Applications based on the two-photon performance 
of carbon dots will be discussed in section 1.4.1. 
 
1.3.2 Excitation Wavelength Dependent Photoluminescence 
In 2006, Sun and co-workers first reported that the photoluminescence spectra of 
surface-passivated carbon dots are dependent on the excitation wavelength.13 Their 














Figure 1.6 Top, left: The time-dependence of luminescence intensity of PEG1500N-carbon 
dots measured in confocal microscopy (Leica TCS SP2, the frame rate 37 ms/frame at 
514 nm excitation). Shown in the inset is a comparison of the same data (blue) with that 
of a commercially available (Ted Pella, Inc, diameter ~ 50 nm) blinking gold 
nanoparticles sample (red); Top, right: Dependence of fluorescence intensity on 
excitation time for carbon nanocrystals in ultra pure water; Bottom: Luminesce ce 
images (all scale bars 20 µm) of the carbon dots with (a) argon ion laser excitation at 458 
nm and (b) femtosecond pulsed laser excitation at 800 nm; (c) is an overlay of (a) and (b). 
(From Ref. [13], [88] and [108].) 
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almost across the whole visible spectral range, and extended into the near-infrared when 
longer excitation wavelengths were applied (Figure 1.7). Strong photoluminescenc  was 
observed, and the fluorescence quantum yields at 400 nm excitation wavelength reached
more than 10% (Table 1.1). Similar photoluminescence behavior was also reported from 
other groups using various synthetic methods. For example, graphitic nanocrystals 
produced by electrochemical treatment of mulitwalled carbon nanotubes also exhibited 
this photoluminescence property.14 Furthermore, it is worth noting that all the 
luminescent nanoparticles which are currently generated from bottom-up methods also 
exhibited excitation wavelength dependent photoluminescence. 16,86,91,92 Quantum yields 
of these samples are from 3% to 14.1% (Table 1.1) depending on the excitation 
wavelengths and the carbon sources, were comparable to those of the surface-passivated 
carbon dots synthesized by Sun and co-workers.13 
 
1.3.3 Bandgap-like Luminescence 
In addition to excitation wavelength dependent photoluminescence, a few groups 
also reported that for luminescent carbon nanoparticles synthesized using specific
methods, the particle-related photoluminescence spectra might not shift with varyng 
excitation wavelengths. In 2007, Liu et al. reported that carbon nanoparticles derived 
from candle soot might be separated by denaturing polyacrylamide gel electrophoresis 
(PAGE).15 Separation is dependent on the physical properties of carbon nanoparticles, 
particularly their charges or diameters. The results showed that rapidly moving particles 
















Figure 1.7 Top: aqueous solution of PEG1500N-attached carbon dots (a) excited at 400 nm 
and photographed through band-pass filters of different wavelengths as indicated, and (b) 
excited at the indicated wavelengths and photographed directly; Bottom: The absorption 
(ABS) and luminescence emission spectra (with progressively longer excitation 
wavelengths from 400 nm on the left in 20 nm increment) of PPEI-EI carbon dots in an 
aqueous solution. The emission spectral intensities are normalized to quantum yields 
(normalized to spectral peaks in the inset). (From Ref. [13].) 
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moving particles exhibited longer-wavelength emissions under the same condition 
(Figure 1.8). In addition, the emission spectra were almost across the whole visible range. 
In 2008, Sun and co-workers found the absorption spectra of carbon dots doped with 
semiconductors such as ZnS or ZnO on the surface featured a shoulder in the blue region. 
Strong bluish green luminescence emission was observed when excitation wavelengths 
were in the absorption shoulder range.85 This emission peak appeared with the excitation 
wavelength dependent photoluminescence peaks together when excitation wavelengths 
were focused in the blue region. Further investigation indicated that the absorption 
spectra of undoped carbon dots might also exhibit an absorption shoulder in the same 
region if experimental conditions such as temperature and moisture were well 
controlled.107 It is evident that the cause of this absorption shoulder is from the carbon 
nanoparticle itself, not from doping materials, which can be enhanced by semiconductor 
doping. The observed quantum yields could reach more than 50% at 440 nm excitation 
(Table 1.1). Similar optical behavior was also observed by other research groups. Zhao et
al.,88 for example, found carbon nanocrystals released electrochemically from graphite 
might be separated by molecular weight cutoff membranes to exhibit size-dependent 
luminescence spectra. Similar to those in the quantum dots, the luminescence emission 
spectra shifted from 445 nm to 510 nm when the diameters of the carbon nanocrystals 
increased from 1.9 nm to 3.2 nm (Figure 1.8). However, the emission peaks did not shift 













Figure 1.8 Left: Optical characterization of the purified carbon nanoparticles. Optical 
images illuminated under white (top) and UV light (312 nm; center), fluorescence 
emission spectra (excitation at 315 nm) of the corresponding carbon nanoparticle 
solutions. The maximum emission wavelengths are indicated above the spectra; Right: 
UV-vis absorption and fluorescence spectrum of < 5 kDa fraction in aqueous solution 
(Top). The emission spectrum was obtained under an excitation of 330 nm, and the 
excitation spectrum was obtained at the maximum emission wavelength of 445 nm. Inset: 
digital photo for the product, illuminated with a UV lamp; Fluorescence spectrum of 5–
10 kDa fraction in aqueous solution (Bottom), excitation wavelength: 370 nm; the 
excitation spectrum collected at 510 nm. Inset: digital photo for the product, illuminated 
with a UV lamp. (From Ref. [15] and [88].) 
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1.3.4 Investigation of the Photoluminescence Mechanism of Luminescent Carbon 
Nanoparticles 
Even though many different types of luminescent carbon nanoparticles were 
synthesized using various methods over the past four years, the photoluminescence 
mechanism is still unclear. What are the fluorescence species? Why does the 
luminescence spectra sometimes shift with various excitation wavelengths and sometimes 
not? Why is there such variation in the luminescence quantum yields, from less than 1% 
to more than 50%? These questions are very important for the photoluminescence 
exploration of carbon dots. 
Sun and co-workers proposed that excitation wavelength dependent 
photoluminescence might be attributable to the presence of surface energy traps (surface 
defects) which could be passivated by organic molecules.13 Their results showed carbon 
dots with smaller diameters and better surface passivation to be the most luinescent 
species. Zhou et al. proposed that N-associated defects might be responsible for 
luminescence. Using X-ray absorption near-edge structure (XANES) and X-ray excited 
optical luminescence (XEOL) to compare the electric structures between luminescence of 
carbon nanocrystals and diamond particles,105 they found that N incorporated into the sp2
carbon structures were the original species in both surface of carbon nanocrystals and 
diamond particles for luminescence emission. A similar explanation was used to explain 
the photoluminescence emanating from small-diameter nanodiamonds. For example, the 
photoluminescence of nanodiamonds with 5 nm in diameter was dominated by H3 defect 
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(nitrogen vacancy) centers which is also dependent upon wavelength excitation.82 
However, Zhu et al. reported that carbon nanoparticles synthesized by microwave 
pyrolysis of sacharide and poly(ethylene glycol) (PEG-200) also exhibited excitation 
wavelength dependent photoluminescence.92 No nitrogen atoms were involved except the 
N2 gas in the air. Currently, although surface defects of carbon nanoparticles appear to be 
the key for elucidating excitation wavelength dependant photoluminescence, it is still not 
clear as to which of the non-carbon atoms are involved in those defects. N and O are the 
two most probable atoms since they can be found in most of luminescent carbon 
nanoparticles. 
Two possible mechanisms for the bandgap-like luminescence of carbon 
nanoparticles have been proposed. Some hypothesize that the polyaromatic conjugation 
system is responsible,88 while others postulate that it may be a result of the band gaps of 
carbon cores.84 However, neither proposed mechanism explains all the experimental 
phenomena. For example, carbon nanoparticles derived from candle soot refluxed in 
highly oxidative acid for a lengthy period, makes it difficult to infer thate polyaromatic 
conjugation system can exist after such harsh treatment.15 Neither can it explain why 
semiconductor doping enhances the photoluminescence. In addition, the photostability of 
luminescent carbon nanoparticles is much higher than polyaromatic conjugated organic 
dyes. It is also difficult to believe carbon is a semiconductor since no research r sults or 
predictions suggest that the bandgap of either carbon nanoparticles or carbon related 
materials is between 1 and 4 eV. It is, thus, difficult to attribute the photoluminescence 
from carbon nanoparticles to the bandgap luminescence from a semiconductor. 
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Further, when discussing the photoluminescence mechanism, it is also important 
to consider the relationship between the excitation wavelength dependent 
photoluminescence and the bandgap-like luminescence. Are they independent or related? 
They may well coexist in the emission spectra of single kind of surface-passivated carbon 
nanoparticles. However, thus far, there is no obvious evidence indicating a relationship 
between these two behaviors. Photoluminescence emissions from carbon nanoparticles 
generated through electrochemical treatment of MWNTs and graphite showd very 
different spectra, excitation wavelength dependent photoluminescence and bandgap-like 
photoluminescence, respectively.14,88 However, both types of carbon nanoparticles were 
reported as graphitic nanocrystalline structures. A careful inspection of the two 
experimental conditions indicates that one nitrogen-contained compound (TBAP) was 
used in electrochemical treatment of MWNTs, but not in the other. Zhou et al. also 
claimed in ref. 14 that TBAP played a role in the electrochemical process. Whether this 
finding indicates that either nitrogen or oxygen evolved the surface defects, which may 
quench bandgap-like photoluminescence needs further investigation. 
 
1.4 Application of Luminescent Carbon Nanoparticles 
 
1.4.1 Toxicity Studies and Biological Applications 
Carbon, which forms the skeletons of millions of organic compounds and human 
bodies, is hardly considered to be an environmentally toxic element. However, the 
toxicity of carbon nanoparticles in vitro and in vivo must be determined before they can 
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be used in any biological applications, especially carbon nanotubes, another carbon-based 
nanostructure that has been reported in the literature as being potentially tox c.109 Indeed, 
there are only a few current publications which discuss the biocompatibility of carbon 
nanoparticles.83,87,88,90 Our preliminary studies showed that carbon nanoparticles are non-
toxic both in vitro and in vivo. The cytotoxicity of luminescent carbon nanoparticles 
synthesized through electrochemical treatment of graphite was discerned through the 
MTT assay. This mixing of nanoparticles with 8 × 103 293T human kidney cells in 
culture medium did not significantly affect the cell viability.88 Additional results 
supporting low cytotoxicity evaluations were reported using PEG1500N surfaced 
passivated carbon dots, based upon their effects on the proliferation, mortality and 
viability of human breast cancer MCF-7 and human colorectal adenocarcinoma HT-29 
cells.87 As shown in Figure 1.9, all of three parameters exhibited very little differenc 
among carbon dots treated with the two types of cells and PEG1500N itself under the same 
experimental conditions. These results demonstrated that the cores of carbon 
nanoparticles, similar to nanodiamonds,10,72-76 were inert and exhibited no chemical 
activity. However, passivation agents may induce cytoxicity. For example, high 
concentrations of PEG1500N might be toxic to cells, perhaps limiting the usage of 
PEG1500N passivated carbon dots for cell imaging, even though high concentrations of 
carbon nanoparticles may not be necessary most of the time.87 Recently, toxicity issues of 
carbon dots in vivo were also investigated.87 Toxicity evaluations in vivo have been 
divided into two parts.  The first component is represented as serum biochemistry assays,














Figure 1.9 Results from cytotoxicity evaluations of carbon dots (black) and PEG1500N 
(white). Data presented as mean ± SD (n = 4). (From Ref. [87].) 
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Figure 1.10, of the five indicators, alamine amino transferase (ALT), aspart te mino 
transferase (AST), uric acid (UA), blood urea nitrogen (BUN) and creatinine (Cr), the 
first two indicated heptic injury, and the last three exhibited kidney functions, maintained 
at similar levels for those mice exposed to different dosages of carbon dots and for the 
control group. The results suggested no toxicity from the carbon dots in mice at exposure 
levels. The second component is the histopathological analyses of mice organs. 40 mg 
carbon core-equivalent/kg body weight of PEG1500N passivated carbon dots were injected 
into mice which were harvested for histopathological analyses. As shown in Figure 1.11, 
no structural damage was found in mice organs, including livers, spleens and kidneys 
after 28 days. Fluorescence images (two-photon excitation at 800 nm) suggested that he
amounts of carbon dots in the liver and spleen 6 h from the time of injection were 
relatively higher than those in other organs (Figure 1.11); results determined amounts on 
the order of 20 µg and 2µg, respectively, according to the isotope analyses of PEG1500N 
passivated 13C dots in the organs. While these findings suggest small amounts of carbon 
dots accumulated in both the liver and the spleen, they were low in absolute populations 
which is consistent with the results in the literature as PEGylated nanoparticles are 
primarily excreted via urine.59  
While these results suggest that carbon nanoparticles are, to a certain degree, non-
toxic both in vitro and in vivo, further studies are needed (e.g. genotoxicity, metabolism 
and long-term toxicity of luminescent nanoparticles) before their applications can be of 
















Figure 1.10 Serum biochemistry results for mice intravenously exposed to C-Dots at 
carbon core-equivalent of 8 mg/kg (gray) and 40 mg/kg (white) and the control mice 
(black) at 1 day (top), 7 days (middle), and 28 days (bottom) postexposure. Data 

















Figure 1.11 Top: Results from histopathological analyses of liver, spleen, and kidneys. 
Bottom: Fluorescence images (two-photon excitation at 800 nm) of sliced liver and 






There have been several reports of successful cell imaging using luminescent 
carbon nanoparticles. Figures 1.12 and 1.13 show confocal microscopy images of E. coli 
ATCC 25922 cells labeled with PEG1500N passivated carbon dots synthesized either using 
laser ablation13 or silica spheres as carrires86 under various excitation wavelengths. These 
results suggest that the E coli cells were completely covered by luminescent carbon dots 
which were clearly observable under confocal microsocopy imaging. Moreover, PPEI-EI 
passivated carbon dots were able to label both the cell membrane and the cytoplasm of 
MCF-7 without reaching the nucleus at 37 ºC as can be seen in Figure 1.14 under the 
two-photon excitation condition.108 These results also suggest that the cellular uptake of 
carbon dots was temperature-dependent since no meaningful internalization was observed 
at 4 ºC. An understanding of the internalization mechanism is still under investigation.108 
Furthermore, the surface passivated carbon dots were applied to optical imaging 
in vivo. As reported in ref. 83, PEG1500N passivated carbon dots and ZnS doped carbon 
dots were used for subcutaneous injections, migration tracking through lymph vessels, 
and intravenous injections. Subcutaneous injections were used on female DBA/1 mice 
which were shaved in the rear area surrounding the injection point. Figure 1.15 shows the 
strong green or red luminescence emission at the injection area under blue and gren 
excitation, respectively, which is consistent with the luminescence results of surface 
passivated carbon dots reported in the solution phase.13,85 PEG1500N passivated ZnS doped 
carbon dots were also injected into mice paws to track the migration of carbon 
















Figure 1.12 Confocal microscopy images of E. coli ATCC 25922 cells labeled with the 
carbon dots prepared by laser ablation: (a) λEX=458 nm, detected with a 475 nm long pass 
filter; (b) λEX=477 nm, detected with a 505 nm long pass filter; (c) λEX=488 nm, detected 
with a 530nm long pass filter; (d) λEX=514 nm, detected with a 560 nm long pass filter. 







Figure 1.13 Confocal microscopy images of E. coli ATCC 25922 cells labeled with the 
carbon dots prepared by silica spheres as carriers. A) λEX=458 nm, detected with 475 nm 
long-pass filter; B) λEX=488 nm, detected with 505 nm long-pass filter; C) λEX=514 nm, 












Figure 1.14 Representative two-photon luminescence images (800 nm excitation) of 
human breast cancer MCF-7 cells with internalized C-Dots. (From Ref. [108].) 
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the results suggest that carbon dots moved more slowly, perhaps due to the smaller size 
and surface functionalities of the carbon nanoparticles. Carbon dots were intrav nously 
injected into mice for whole-body circulation as well. As shown in Figure 1.16, only 
emissions from the bladder area were clearly observed, suggesting the intrav nously 
injected carbon dots were primarily excreted via urine.  
 
1.4.2 Photoelectric Applications 
Wang et al. reported that surface passivated carbon dots could be quenched by 
either electron donors or electron acceptors, indicating that the photoluminescence 
emission mechanism in carbon nanoparticles may be due to the radiative recombinatin 
of surface-trapped electrons and holes.111 These photoinduced redox properties of carbon 
nanoparticles suggest a new area of potential applications in devices such as light
harvesting and light-emitting diodes. Electron activities of carbon nanoparticles obtained 
from natural gas were also quantified based on cyclic voltammograms in a water solution 
of 0.1 M KCl (PH ~5) within the potential range of -1.0V to +1.0V at varied potential 
sweep rates.89 Most importantly, Zheng et al. reported the observation of 
electrochemiluminescence (ECL) from carbon nanoparticles synthesized by 
electrochemical treatment of graphite.84 In their experiments, the preparation of carbon 
nanoparticles was accomplished in an electrochemical cell consisting of a raphite rod 
working electrode, a Pt mesh counter electrode, an Ag/AgCl reference electrode and a pH 
7.0 phosphate buffer solution. During the potential scan between -3.0 and 3.0V, weak and 













Figure 1.15 Subcutaneous injection of (top) carbon dots and (bottom) CZnS-Dots: (a) 
bright field, (b, d) as-detected fluorescence (excitation/emission wavelengths indicated), 












Figure 1.16 Intravenous injection of carbon dots: (a) bright field, (b) as-detected 





to -3.0V) potential ranges, respectively (Figure 1.17). After the solution was untrafiltrated 
using a 10 kDa molecular weight cutoff membrane, spherically shaped carbon 
nanoparticles were found to be responsible for the ECL. Further studies of ECL 
emissions from carbon nanoparticles84 in the presence of S2O8
2- and carbon nanoparticles 
obtained via the microwave method were found to be relatively stable92 (Figure 1.18). 
 
1.5 Ouline of Dissertation 
Luminescent carbon nanoparticles (carbon dots), first discovered by Sun and co-
workers in 2006, have attracted much attention because of their unique optical 
performance. Subsequent research has focused on the synthesis and spectroscopic 
characterization of highly fluorescent carbon dots, which can potentially be appli d to 
many fields of research. In addition, highly fluorescent doped carbon nanotubes have also 
been synthesized and characterized for the mechanistical investigation of both defect site-
derived luminescence and optical applications. 
The research reported here is divided into the following chapters. Chapter II 
focuses on the investigation of the photoinduced electron transfer between carbon dots 
and other molecules. In chapter III, as-produced carbon dots were fractionated by  gel 
column to obtain carbon dots with emission yields close to 60%. Chapter IV is divided 
into two sections. In the first section, carbon nanoparticles were doped with inorganic 
salts such as ZnO or ZnS before their surface passivation with organic mole ules to 
achieve higher photoluminescence quantum yields. In the second section, other inorganic 















Figure 1.17 ECL responses obtained on a GR electrode in 0.1 M PBS (pH 7.0). The 
applied potential was cycled between -3.0 and 3.0 V at a scan rate of 0.1 V/s. Inset: plot 

















Figure 1.18 Top: ECL of CNCs in aqueous 0.1 M PBS solution (pH 7.0) in the (a) 
presence and (b) absence of 1 mM K2S2O8. Inset: ECL responses of CNCs/S2O8
2- 
obtained during a continuous potential scan at 0.1 V/s. Bottom: Representive ECL 
response (a) without and (b) with CNPs at an ITO electrode in 0.1 M PBS (pH 7.0). Inset: 




optical performances of carbon dots are strongly related to doping materials. Further 
fractionation of these doped carbon dots showed that quantum yields of the most 
fluorescent fractions reached up to 75%. Chapter V focuses on defect site-decorated 
carbon nanotube for mechanistical investigation and optical applications. 
Chapter II and Chapter III, the first section of Chapter IV and Chpater V have 
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CHAPTER TWO  




Quantum-sized semiconductor nanoparticles (quantum dots) have emerged as an 
important class of photoactive nanomaterials for a variety of purposes and applications.1-4 
For the utilization of semiconductor quantum dots in light energy conversion and related 
areas, there have been extensive investigations on their photoresponse and photoinduced 
charge separation and electron transfer processes.5-8 Alternative to the traditional 
semiconductors, other quantum-sized nanoparticles have been explored and developed 
for similar photophysical and photochemical properties. Of particular interest and 
significance is the recent finding that small carbon nanoparticles could be surface-
passivated by organic molecules or polymers to become highly photoactive, exhibiting 
strong photoluminescence in the visible and near-infrared spectral regions.9-15 These 
photoluminescent carbon nanoparticles, dubbed “carbon dots” (Scheme 2.1), were found 
to be physico-chemically and photochemically stable and non-blinking in the luminescent 
emissions.9 Here we report that the photoluminescence from carbon dots could be 
quenched highly efficiently by either electron acceptor or electron donor molecules in 
solution, namely that the photoexcited carbon dots are excellent as both electron donors 
and electron acceptors. These interesting photoinduced electron transfer properties may 




















related applications, in addition to their being valuable to the effort on mechanistic 
elucidation.  
 
2.2 Experimental Section 
 
2.2.1 Materials 
N,N-diethylaniline and diethylamine were purchased from Acros and purified by 
distillation. 4-nitrotoluene and 2,4-dinitrotoluene was purchased from Aldrich and 
purified by recrystallization in ethanol/H2O (1:1) solution. Poly(ethylene glycol) diamine 
(~35 repeating units for a molecular weight of 1,500, PEG1500N) was from Fluka and 
dialysis membrane tubing from Spectrum Laboratories. Silver nitrate, Toluene, methanol 
and chloroform were supplied by VWR. Water was deionized and purified by being 
passed through a Labconco WaterPros water purification system. 
 
2.2.2 Measurements 
Beckman-Coulter ultracentrifuge (Optima L90K with a type 90 Ti fixed-angle 
rotor) were used. Transmission electron microscopy (TEM) imaging was carried out on 
Hitachi HD-2000 S-TEM system. Atomic force microscopy (AFM) images were 
obtained in the acoustic AC mode on Molecular Imaging PicoPlus system equipped with 
a multipurpose scanner and a NanoWorld Pointprobe NCH sensor. The height profile 
analysis was assisted by using the SPIP software distributed by Image Metrology. UV/vis 
absorption spectra were recorded on Shimadzu UV2101-PC spectrophotometer. 
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Photoluminescence spectra were measured on Spex Fluorolog-2 emission spectrometer 
equipped with a 450 W xenon source and a detector consisting of a Hamamatsu R928P 
photomultiplier tube operated at 950 V. For photo irradiation experiment, 450 W Xenon 
lamp was used for illumination, which is connect with a spectral monochromator (SPEX 
1681). The irradiation wavelength is set at 450nm or 600 nm. The sample solution was 
put into a black sample chamber which is connected to the monochromator. Fluorescence 
decays were measured on a time-correlated single photon counting (TCSPC) setup with a 
Hamamatsu stabilized picosecond light pulser (PLP-02) for 407 nm excitation (<100 ps 
pulses at 1 MHz repetition rate), coupled with a Phillips XP2254/B PMT in a 
thermoelectrically cooled housing as detector for an overall instrument time resolution 
better than 500 ps. 
 
2.2.3 Preparation of PEG1500N-attached Carbon Dots 
Experimentally, carbon nanoparticles from laser ablation were refluxed in an 
aqueous nitric acid solution (2.6 M) for 12 h. After being cooled to room temperature, the 
sample was dialyzed against fresh water and dried by rot evaporation. The acid tr ted 
nanoparticles were refluxed in neat SOCl2 for 6 h. After a complete removal of residual 
SOCl2 on a rotary evaporator with a vacuum pump, the sample (100 mg)was mixed well 
with PEG1500N (1 g) in a flask, heated to 110 °C, and vigorously stirred under nitrogen 
protection for 3 days. It was then cooled to room temperature and dispersed in water, 




2.3 Results and Discussion 
The carbon dots in this study were prepared by using the same procedures as 
those reported previously.9 In the preparation, the small carbon nanoparticles (separated 
from the laser ablation-produced powdery sample) were refluxed in aqueous nitric acid 
solution for the purpose of oxidizing surface carbons into carboxylic acids, followed by 
thionyl chloride treatment and then amidation with the oligomeric ethylene glycol 
diamine H2NCH2(C2H4O)35C2H4CH2NH2 (PEG1500N) to form the carbon dots with 
surface-attached PEGs (Scheme 2.1). The transmission electron microscopy (TEM) 
results (Figure 2.1) suggested that these dots were well-dispersed, with sizes averaging 
about 4.2 nm (based on statistical analyse of more than 300 dots), as also supported by 
the atomic force microscopy (AFM) results (Figure 2.1). 
Photoluminescence spectra of the carbon dots in aqueous or organic solutions 
were generally broad (Figure 2.2) with luminescence emission intensities (425 nm 
excitation) which were quenched by the known electron acceptors 4-nitrotoluene (-1.19 V 
vs. NHE)16 and 2,4-dinitrotoluene (-0.9 V vs. NHE)17 in toluene solution, with the 
observed Stern–Volmer quenching constants (KSV =τF
°kq) from linear regression of 38 M
-1 
and 83 M-1, respectively (Figure 2.3). Obviously 2,4-dinitrotoluene was a much more 
effective quencher than 4-nitrotoluene, consistent with its being a significantly stronger 













Figure 2.1 TEM (left) and AFM (right) images of the carbon dots used in this study. The 
TEM specimen was prepared by depositing a few drops of a diluted carbon dot solution 
onto a carbon-coated copper grid, followed by evaporation. The AFM specimen on a 































Figure 2.2 Top: Luminescence emission spectra (425 nm excitation) of the carbon dots in 
toluene without (- - -) and with the indicated quenchers (both 0.016 M, ―). Bottom: 
Luminescence decays (407 nm excitation, monitored with 470 nm narrow bandpass filter) 
of the carbon dots without (- - -) and with the quenchers (both 0.028 M, ―). 
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quenchers could not be deconvoluted with a mono-exponential function (probably due to 
a distribution of emissive species and/or sites),18 but could be deconvoluted with the use 
of a multicomponent decay function to yield an average lifetime τF
° around 4 ns.9 Thus, 
on average the bimolecular rate constants kq for the quenching of luminescence emissions 
in the carbon dots by 4-nitrotoluene and 2,4-dinitrotoluene were on the order of 9.5 x 109 
M-1s-1 and 2.1 x 1010 M-1s-1, respectively. These, especially that for 2,4-dinitrotoluene, are 
beyond the upper limit for any bimolecular luminescence quenching processes in 
solution,18 highlighting the high efficiency of the underlying electron transfer and also 
suggesting the presence of static quenching contributions, which were confirmed by th  
Stern-Volmer plots from the observed average luminescence lifetimes (Figure 2.3). The 
corresponding quenching rate constants, kq of ~6.5 x 10
9 M-1s-1 for 4-nitrotoluene and 8 x 
109 M-1s-1 for 2,4-dinitrotoluene, are still at the diffusion-controlled limit for dynamic 
quenching. 
The electron donating capabilities of the photoexcited carbon dots were also 
demonstrated in the photoreduction of Ag+ to Ag. Experimentally, the reduction could be 
accomplished by photoirradiating (450 W xenon arc lamp coupled with a Spex 1681 
monochromator) carbon dots in an aqueous solution of AgNO3 at a visible wavelength 
such as 450 nm, which resulted in the emergence and rapid increases of the surface 
plasmon absorption owing to the increasing amount of Ag produced by the 
photoreduction. In order to avoid the subsequent irradiation into the surface plasmon 

















Figure 2.3 Stern-Volmer plots for the quenching of luminescence quantum yields (425 
nm excitation) of the carbon dots by 2,4-dinitrotoluene (〇) and 4-nitrotoluene (△) in 
toluene; and plots for the quenching of luminescence lifetimes (407 nm excitation) by 
2,4-dinitrotoluene (●) and 4-nitrotoluene (▲). The lines represent the best fits (the least-
square regression) of the respective data.
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600 nm excitation, and similar photoreduction was observed. There was no Ag formation 
in control experiments in the absence of carbon dots, as expected. 
Interestingly, the carbon dots were similarly strong electron acceptors as well, 
allowing highly efficient luminescence quenching by known electron donors such a N,N-
diethylaniline (DEA, 0.88 V vs. NHE).19,20 As shown in Figure 2.4, the DEA quenching 
was also strongly solvent dependent, significantly more efficient in a polar solvent 
methanol than in chloroform. The Stern-Volmer plots for the quenching of luminescence 
quantum yields were curved downward at higher DEA concentrations, much more so for 
the quenching in methanol (Figure 2.4). The linear fits for only the data points at lower 
DEA concentrations yielded Stern-Volmer quenching constants KSV of 19 M
-1 and 5.1 M-
1 in methanol and chloroform, respectively. The results from the quenching of 
luminescence lifetimes suggested no significant static quenching contributions. While not 
as extreme as those with electron acceptor quenchers discussed above, these Stern-
Volmer constants are again corresponding to rate constants kq toward the upper limit for 
bimolecular luminescence quenching processes in solution.18 
The strong solvent polarity dependence of the luminescence quenching by DEA is 
a good indication for an electron transfer quenching mechanism. As additional supporting 
evidence, the efficiency of the luminescence quenching was found to be strongly 
dependent on the electron donating ability of the quencher. For example, a weaker 
electron donor such as diethylamine (1.55 V vs. NHE)19 was considerably less efficient in 















Figure 2.4 Stern-Volmer plots for the quenching of luminescence quantum yields (400 
nm excitation) of the carbon dots by DEA in methanol (〇, the line from fitting the data 
points up to 0.05 M) and chloroform (□, the line from fitting the data points up to 0.08 
M), and for the quenching of luminescence lifetimes (407 nm excitation) in methanol 
(●). The low-concentration portion of the same plot for diethylamine as the quencher i 
methanol (
 
) is also shown for comparison. 
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experimental conditions (Stern-Volmer quenching constant KSV about 0.3 M
-1, Figure 
2.4). 
Mechanistically, the photoluminescence in carbon dots has been attributed to the 
energy trapping on the passivated carbon particle surface.9-11 We speculate that there 
could even be phenomenological similarities between the luminescence emission 
mechanisms in traditional semiconductor quantum dots1,2 and carbon dots (despite carbon 
being hardly a member of the semiconductor family), such that the emissions in carbo
dots might also be a result of radiative recombination of surface-trapped electrons and 
holes. It is known that the carbon core in carbon dots must necessarily be very small 
(sub-10 nm or preferably sub-5 nm),9-11 which should create inhomogeneous particle 
surface sites. Upon passivation via organic or polymeric functionalization, these surface 
sites could facilitate the trapping of photoinduced electrons and holes. As for the 
observed highly efficient quenching of luminescence emissions in the carbon dots by 
both electron acceptor and electron donor molecules,21 their disruption to the radiative 
recombinations on the passivated carbon surface might be responsible. Further 
investigations including potentially probing directly the electron-hole pairs and/or their 
recombination processes in the photoexcited carbon dots are desired and should be 
pursued. Nevertheless, the substantial photoinduced redox properties of carbon dots 
reported here will open up new opportunities for these newly found quantum dots-like 
nanomaterials in light-harvesting and related applications. 
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Semiconductor quantum dots (QDs), especially the highly fluorescent CdSe-based 
core-shell nanostructures, have generated much excitement for their vari ty of potential 
applications in optical bioimaging and beyond.1,2 These QDs are widely considered as 
being more advantageous than conventional organic dyes and genetically engineered 
fluorescent proteins in terms of optical brightness and photostability.1,3-5 However, a 
serious disadvantage with these popular QDs is that they contain heavy m tals, such as 
cadmium, whose significant toxicity and environmental hazard are well-documented.6-9 
Therefore, alternative benign (nontoxic) QD-like fluorescent nanomterials have been 
pursued, including the recent finding of fluorescent carbon nanoparticles (dubbed 
“carbon dots”).10,11 
Carbon dots are surface-passivated small carbon nanoparticles and the surface 
passivation is most effective following functionalization with organic or biomolecules10-
16 (though other passivation schemes are also possible for weaker emissions17-19). In 
addition to sharing some of the major advantageous characteristics of semiconductor QDs, 
including high photostability,1,10,13 large two-photon excitation cross-sections,11,20 and 
their applicability as optical imaging agents in vivo,20,21 carbon dots are also 
nonblinking,10,13 readily water soluble,10,11,13-16 and nontoxic according to currently 
available cytotoxicity and in vivo toxicity evaluation results.18,22 The as-produced carbon 
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dots have so far exhibited fluorescence quantum yields of up to 20% in the green region 
of the spectrum,22 which are somewhat lower than those of the best-performing 
commercially available CdSe/ZnS QDs for the comparable spectral region. 
Herein, we report that the as-prepared carbon dots sample could be fractionated 
simply on an aqueous gel column and the most fluorescent fractions achieved emission 
yields close to 60%, comparable to those of the best commercial CdSe/ZnS QDs in 
solution and brighter at the individual dot level (owing to the carbon dots being 
significantly higher in absorptivities). Interestingly, both the absorption and fluorescence 
results of the carbon dots resembled those of band-gap transitions, typically found in 
nanoscale semiconductors. The prospect of carbon particles on the nanoscale acquiring 
essentially semiconductor-like properties that are enhanced by surface functionalization 
is discussed. 
 
3.2 Experimental Section 
 
3.2.1 Materials 
The diamine-terminated oligomeric poly(ethylene glycol) or PEG1500N, 
H2NCH2CH2CH2(OCH2CH2)nCH2NH2 (n ~ 35), and thionyl chloride were supplied by 
Aldrich. Sephadex G-100TM gel was provided by GE Healthcare. Invitrogen aqueous 
compatible Qdot 525 ITKTM amino (PEG) CdSe/ZnS QDs sample (commonly referred 
to as “QD525PEG” in the literature) was purchased from the company. Water was 
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UV/vis absorption spectra were recorded on a Shimadzu UV2101-PC 
spectrophotometer. Fluorescence spectra were obtained on a Spex Fluorolog-2 emission 
spectrometer equipped with a 450 W xenon source and a detector consisting of a 
Hamamatsu R928P photomultiplier tube (PMT) operated at 950 V. Fluorescence decays 
were measured on a time-correlated single photon counting (TCSPC) setup with a 
Hamamatsu stabilized picosecond light pulser (PLP-02) for 407 nm excitation (<100 ps 
pulses at 1 MHz repetition rate), coupled with a Phillips XP2254/B PMT in a 
thermoelectrically cooled housing as detector for an overall instrument time resolution 
better than 500 ps. 
Fluorescence quantum yields were measured by using quinine sulfate in 0.1 M 
H2SO4 solution (ΦF = 0.54) and 9,10-bis(phenylethynyl)-anthracene in cyclohexane (ΦF =
1.0) as fluorescence standards. The absorbance (optical density < 0.1 to minimize inner-
filter effects) at the excitation wavelength was matched btween the sample and the 
standard. The observed fluorescence spectra were corrected for nonlinear instrument 
response before the integration of their total intensities for the calculation of fluorescence 
quantum yields. 
Transmission electron microscopy (TEM) imaging was performed on a Hitachi 
HD-2000 scanning TEM system in both transmission and Z-contrast modes. Atomic 
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force microscopy (AFM) images were obtained in the acoustic AC mode on a Molecular 
Imaging PicoPlus AFM system equipped with a multipurpose scanner ad a NanoWorld 
Pointprobe NCH sensor. The height profile analysis was assisted by using the SPIP 
software distributed by Image Metrology. 
Fluorescence imaging was carried out on a Leica laser scanning co focal 
fluorescence microscope (DM IRE2, with Leica TCS SP2 SE scanning system) equipped 
with an argon ion laser (JDS Uniphase). The specimens were prepared by vigorously 
diluting each sample solution and then dropping the solution onto a glass slide, followed 
by drying in ambient. The same instrumental conditions were carefully maintained when 
different specimens were compared. The fluorescence images were processed and 
analyzed by using the NIH ImageJ software. 
 
3.2.3 Preparation of Carbon Dots 
The preparation of precursor carbon nanoparticles and the synthesis of carb n 
dots were based on the previously reported procedures,10,22 with slight modifications and 
more rigorous controls of the experimental conditions for improved fluorescence 
properties. Briefly, the carbon soot was refluxed in aqueous nitric acid solution (2.6 M) 
for 12 h, dialyzed against fresh water, and then centrifuged at 1,000g to retain the 
supernatant. The recovered sample was refluxed in neat thionyl chloride f  6 h, followed 
by the removal of excess thionyl chloride on a rotovap. The treated carbon particle 
sample (100 mg) was mixed well with carefully dried PEG1500N (1 g) in a flask, heated to 
110 °C, and vigorously stirred under nitrogen protection for 3 days. The reaction mixture 
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was cooled to room temperature, dispersed in water, and then centrifuged at 25,000g to 
retain the supernatant. 
 
3.2.4 Fractionation of Carbon Dots 
The gel column for the fractionation of carbon dots was prepared with the 
commercially supplied Sephadex G-100TM gel.23 Briefly, the gel (15 g) was soaked in 
water for 3 days, and the supernatant (including the suspended ultrafine gel) was 
discarded. The remaining gel was washed until no gel was suspended in th  supernatant. 
Air bubbles were removed with vacuum. Separately, a glass column (25 mm inner 
diameter) was filled with water to remove air bubbles, and then closed. The gel 
suspension described above was poured into the column. As the gel precipitation to reach 
about 2 cm in height, the column was opened for the continuous addition of the gel 
suspension. The gel-filled column was washed until no changes in height (36 cm), 
followed by the testing and calibration of the column.23 In the fractionation, an aqueous 
solution of the as-prepared carbon dots was added to the gel column and eluted with 
water. Colored fractions were collected for characterization and further investigations. 
 
3.3 Results and Discussion 
The synthesis of carbon dots with an oligomeric PEG diamine (PEG1500N) as the 













Scheme 3.1 Representation of a carbon dot containing an oligomeric PEG diamino 









procedure,10,22 except for a more rigorous control of the functionalization reaction 
conditions (critical to the enhanced fluorescence performance in the resulting carbon 
dots). The precursor carbon nanoparticles were treated with thionyl chloride to generate 
acyl chlorides on the particle surface and then reacted in the melt of PEG1500N at 110 °C, 
for which the reaction temperature was found to significantly influe ce the fluorescence 
yield of carbon dots. The sample of carbon dots was processed in aqueous solution, and 
the resulting colored aqueous solutions at various concentrations remained stable 
indefinitely. The blue optical absorption shoulder (around 450 nm, Figure 3.1) was 
characteristic of these sample solutions, whilst the excitation resulted in equally 
characteristic green fluorescence emissions (centered around 510 nm, Figure 3.1) with 
quantum yields ΦF of 16-20% (representing variations from batch to batch). 
The as-prepared sample of carbon dots was loaded onto an aqueous gel column 
packed with Sephadex G-100 (supplied by GE Healthcare)23 for fractionation. With water 
as eluent, the fractions were collected and their optical absorption spectra were measured. 
As in the pre-fractionation sample, later fractions featured an increasingly well-defined 
absorption shoulder in the blue region (in the first fraction, the shoulder, which had a 
relatively lower intensity, was masked by other broad absorptions; Figure 3.1), and the 
excitation resulted in strong green fluorescence emissions. Whilst t e observed 
fluorescence spectra were all rather similar (Figure 3.1), their quantum yields were 
significantly different, becoming progressively higher in the lat r fractions, and reaching 



















Figure 3.1 Absorption and fluorescence (440 nm excitation) spectra of the fractions 1 (a), 
3 (b), 5 (c), and the most fluorescent 7 (d). Dashed lines in (d) represent the spectra of the 
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Figure 3.2 Fluorescence quantum yields (〇) and lifetimes (▲) of the different fractions, 



























For comparative analyses on the nanoscale, the prefractionation sample and the 
most fluorescent fraction were deposited onto substrates for imaging using transmission 
electron microscopy (TEM) and atomic force microscopy (AFM). The TEM images 
suggested no major differences between the two samples under comparisn, except for 
the latter sample containing on average slightly smaller particles, and a narrower 
distribution according to statistical analyses (Figure 3.3). These conclusions were 
generally supported by the AFM imaging results and the associated height analyses 
(Figure 3.4). 
The fluorescence decay in the fractions could only be deconvoluted with a 
multiexponential function,24 to give an average fluorescence lifetime for each of the 
fractions. The variation in the lifetime values was consistent with that in the observed 
fluorescence quantum yields from different fractions (Figure 3.2), thus suggesting a 
relatively uniform fluorescence radiative process throughout the fractions (namely, that 
the observed fluorescence quantum yield variations were due predominantly to changes 
in the competing nonradiative processes from fraction to fraction). The fluorescence 
radiative rate constants (kF=ΦF/τF) were very large throughout the fractions, on average 1 
x 108 s-1, which suggests very strong electronic transitions.25,26 For reference, anthracene 
as a strongly fluorescent organic dye has a radiative rate constant kF of less than 5 x 10
7 s-
1, to which the corresponding molar absorptivity of the 0–0 transition is more than 
8000m-1cm-1.26 Also, for comparison, the commercially supplied best-performing 




















Figure 3.3 Representative TEM images of carbon dots in the as-produced sample (upper) 
and in the most fluorescent fraction (lower, and also the attached high-resolution images 
















































Figure 3.4 AFM topography images of carbon dots in the most fluorescent fraction. 
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approximately 0.3 x 108 s-1 for the similar spectral region (ΦF≈0.6 and τF≈18.5 ns; 
determined experimentally under the same conditions). 
According to well-established photophysical principles,24-26 the radiative rate 
constant is proportional to the integrated molar absorptivities in a particul r absorption 
band, and in the first approximation proportional to the molar absorptivity at he band 
maximum.26 Therefore, ratio of the absorbance at the band maximum (Amax) to kF is 
approximately proportional to the numbers of dots in the solution; i.e., in a comparison 
between solutions of carbon dots and QDs, the same Amax/kF value essentially represents 
the same number of dots in both solutions. Such a comparison, shown in Figure 3.5, 
suggests that at the individual dot level the carbon dots in the most flu rescent fraction 
could fluoresce more than twice as brightly as the reference CdSe/ZnS QDs in the same 
spectral region. This supposition was supported by results from the single-dot 
fluorescence imaging experiments described below. 
The carbon dots were dispersed on cover glass used as a substrate in infinite 
dilution to allow confocal microscopy imaging of individual dots. The deposition 
conditions for the preparation of the specimens were essentially the same as those for 
TEM and AFM imaging, and the results confirmed the dispersion of individual dots in 
the specimens. For the prefractionation sample, fluorescence images of carbon dots that 
had a wider range of brightness were observed (Figure 3.6), which was consistent with 
the fact that the sample contained fractions of different fluorescence quantum yields. As 
expected, the carbon dots in the specimen from the most fluorescent fraction were more 















Figure 3.5 Absorption (ABS) and fluorescence (FLSC) spectra of carbon dots in the most 
fluorescent fraction (- - -) are compared with those of Invitrogen QD525PEG QDs (─) in 
aqueous solutions (upper, FLSC intensities corresponding to excitations at matching first 
band maximum A/kF values), and with those of ZnS-doped carbon dots
34 (lower). 
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Figure 3.6 Fluorescence microscopy images (458 nm excitation) of carbon dots in as-
prepared sample (upper left) and in the most fluorescent fraction (lower eft), and images 
of Invitrogen QD525PEG QDs (upper right). The bar-chart comparison was based on 

























conclusion in the comparison between bulk solutions of the same Amax/kF ratio (discussed 
above), the individual carbon dots in this fraction had a noticeably brighte  fluorescence 
(mostly by 2-2.5 fold; Figure 3.6) than the CdSe/ZnS QDs. 
The carbon dots are comparable in size with, or somewhat smaller than, the 
commercially available aqueous-compatible CdSe/ZnS QDs (especially when the 
surface-capping agents are included in the dot sizes). Therefore, the brighter fluorescence 
emissions in individual carbon dots make these dots particularly valuable for optical 
bioimaging in vitro and in vivo, especially with regard to the emerging needs for 
molecular probes in high-resolution cellular imaging.27,28 
Mechanistically, the fluorescence in carbon dots was thought to be associ ted 
with passivated surface defects of the core carbon particles.10,11 In previous reports on the 
trapping of excited-state energy by surface defects in the nanoparticles, the emissive 
states were generally different from the initially excited state.29,30 For nanoscale 
semiconductors such as CdS, as a classical example, the excitation into the band-gap 
absorption band resulted in exciton fluorescence and, in most cases, surface-defect 
emissions.29–32 These surface-defect emissions may even be overwhelming in the 
observed fluorescence spectra of many CdS nanoparticles.30,33 In carbon dots, on the 
other hand, there are no classical band-gap absorptions, so the surfac-defect states must 
be accessed directly from the ground state. Therefore, the trapping of excited-state energy 
probably occurs between the defects responsible for absorptions and those for emissions 
(instead of between the excitonic state and the emissive defect states found in CdS and 
other semiconductor nanoparticles). One may thus expect a broad distribution of 
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excitations, corresponding to mostly featureless absorption spectra, as re typically 
observed for carbon dots.10,13,14 Interestingly and importantly, however, the spectroscopic 
results reported here suggest that the electronic transitions in carbon dots are not 
necessarily broadly distributed. 
The absorption shoulder in the blue-light region (Figure 3.1) is in fact surprisingly 
well-defined and specific in all of the more-fluorescent later fractions and in the 
prefractionation sample as well, in which the more rigorously controlled reaction 
conditions in the synthesis of carbon dots apparently enhanced the absorption shoulder at 
the expense of broad absorptions at other colors. The same absorption fea ure was also 
observed previously in the “doped” carbon dots (Figure 3.5), in which the carbon core 
was doped with an insoluble inorganic salt, such as ZnO or ZnS.34 Of particular interest is 
that the ZnO or ZnS doping also resulted in substantially more-fluorescent carbon dots,34 
rather similar to the fractionated carbon dots obtained previously in terms of both optical 
absorption and fluorescence properties (Figure 3.5). It seems that the absorption shoulder 
around 450 nm and the corresponding fluorescence band around 510 nm represent “sweet 
spots” in the electronic transitions, because they are apparently shared by the carbon dots 
of different surface functionalities. These preferred transitions n the carbon dots are 
almost as specific as the band-gap transitions that are characteristic of quantum-confined 
nanoscale semiconductors. Phenomenologically at least, nanoscale carbon p rticles that 
have the appropriate surface functionalization (as in the later fr ctions reported here) or 
other forms of surface passivation, such as a combination of doping with inorganic salt 
and organic functionalization,34 could become semiconductor-like to exhibit band-gaplike 
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electronic transitions. In terms of optical properties at least, the surface passivated small 
carbon nanoparticles seem no different from quantum-confined semiconductors. 
An interesting question with potentially far-reaching implications is whether such 
specific electronic transitions in the carbon dots in this work could be found or even 
tuned to other colors. At present, we have insufficient experimental da  available to 
provide an affirmative answer to this question, although the broad absorption and 
fluorescence spectra (covering the entire visible spectral region and extending into the 
near-IR region) observed in the preparations of other carbon dots do suggest that carbon 
dots are, at least in principle, capable of direct electronic transi ions at many other 
wavelengths. 
The changes in fluorescence quantum yield and lifetime among the different 
fractions might be explained by varying the degree of surface passivation by PEG1500N 
molecules, both covalently through amide linkages and noncovalently through strong 
surface adsorption, and an influence from the differences in particle size. Because the 
free PEG1500N molecules eluted slowest from the gel column, we expect that the la er 
fractions probably consisted of carbon dots that were somewhat smaller in size and well 
passivated with PEG1500N molecules (thus making the dots behave more similarly to free 
PEG1500N molecules). However, we have not yet obtained the quantitative results required 
to confirm or disprove this theory, as structural elucidation of the carbon dots using NMR 
and FTIR analysis has been rather difficult. For example, 13C NMR spectra were 
generally simple but not informative, exhibiting only the expected w ak carbonyl signals 
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(other particle surface carbons were not detected owing to their being too diverse). 
Further investigations are necessary and will be pursued. 
Even without a clear structural understanding of the carbon dots in the most 
fluorescent fraction, the existence of these dots itself is very important fundamentally and 
mechanistically, and the successful isolation of these brightly fluorescent carbon dots 
reported here may be highly valuable technologically. The fact that hese carbon dots are 
individually much brighter than their comparable semiconductor QDs, coupled with their 
nontoxicity (at least on the basis of presently available results),18,22 should lead to 
significant applications in bioimaging and beyond. 
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SYNTHESIS AND SPECTROSCOPIC STUDIES OF DOPED CARBON DOTS 
 
4.1 Doped Carbon Nanoparticles as a New Platform for Highly Photoluminescent Dots 
 
4.1.1 Introduction 
There have been rapid advances in the development and applications of 
semiconductor quantum dots (QDs), especially for the more fluorescent core-shell dots 
based on CdSe nanocrystals with a wide-bandgap semiconductor shell.1-3 D spite their 
demonstrated performance and widely discussed potentials, however, a major li itation 
is their necessary use of heavy metals such as cadmium.3a,4 In the continuing search for 
benign (nontoxic) alternatives,4-10 Sun and co-workers found and reported that nanosized 
pure carbon particles may be surface-passivated by organic molecules (dubbed “carbon 
dots”) to exhibit bright photoluminescence in the visible with either one- or two-photon 
excitation.8,9 Carbon dots compare favorably with the semiconductor QDs in many 
properties (carbon being a nontoxic element, no-blinking, etc.),8,9 but their brightness 
(emission quantum yields up to 15-20%) is still lower than that of the best-performing 
CdSe/ZnS core-shell dots. In this work, we found that carbon nanoparticles may be doped 
with inorganic salts such as ZnO or ZnS before their surface passivation by organic 
molecules to achieve much higher photoluminescence quantum yields. These new dots 
with a doped carbon core (Figure 4.1.1) are performance-wise competitive to the 











Figure 4.1.1 Left: cartoon illustration on carbon dots with a doped carbon core (from an 
experimental HR-TEM image with ZnS lattice fringes circled). Right: aqueous solutions 
of CZnS-Dots and CZnO-Dots (450 nm excitation for both) compared with a commercial 
toluene solution of CdSe/ZnS dots (matching optical density at excitation), all 
photographed through a 475 nm cutoff filter. 
CZnS CZnO CdSe/ZnS 
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shortcomings of the CdSe/ZnS dots are known in the literature3b,11). The results suggest 
that small salt-doped carbon nanoparticles represent a new platform for quantum dotlike 
optical nanomaterials. 
4.1.2 Experimental Section 
 
4.1.2.1 Materials 
Zinc acetate dihydrate and sodium sulfide were purchased from Alfa, sodium 
hydroxide from Aldrich, and the poly(ethylene glycol) diamine (∼35 repeating units for a 
molecular weight of 1500) from Fluka. N,N-Dimethylformamide and sodium dodecyl 
sulfate were supplied by Acros and VWR, respectively. Millipore Durapore membrane 
filters (0.22 µm, GV membrane) were obtained from Fisher Scientific, dialysis membrane 
tubing from Spectrum Laboratories, and carbon- and silicon-coated copper grids f om 
Electron Microscopy Sciences. Water was deionized and purified by being passed 
through a Labconco WaterPros water purification system. 
For the ZnS doping, the laser ablation-produced carbon nanoparticle sample8,9 (1 
g) was refluxed in an aqueous nitric acid solution (2.6 M) for 12 h, neutralized via 
dialysis (membrane molecular weight cutoff ∼ 1000) against a large volume of fresh 
water, and then centrifuged at 1000g for 5 min. The supernatant was retained and 
evaporated to remove water. The recovered carbon nanoparticles (600 mg) were 
dispersed in DMF (200 mL) with the aid of ultrasonication (VWR model 250D) for 30 
min. To the suspension was added zinc acetate dihydrate (680 mg, 3.1 mmol) under 
vigorous stirring, followed by slow dropwise addition of an aqueous Na2S solution (0.62 
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M, 5 mL) at room temperature. The mixture was centrifuged at 3000g, and the precipitate 
was retained and repeatedly washed with distilled water to obtain the ZnS-doped carbon 
nanoparticles (881 mg). 
In the doping with ZnO, the same initial treatments of carbon nanoparticles wer 
applied to obtain their dispersion in DMF (600 mg/200 mL). To the dispersion was added 
zinc acetate dihydrate (680 mg, 3.1 mmol) under vigorous stirring, followed by slow 
dropwise addition of an aqueous NaOH solution (1.25 M, 5 mL) at room temperature. 
The mixture was centrifuged at 3000g to discard the supernatant. The precipitate was 
repeatedly washed with water, evaporated to remove water, and then dried at 60 °C in a 
vacuum oven. The sample was annealed at 200 °C for 2 h to obtain the ZnO-doped 
carbon nanoparticles (830mg). 
 
4.1.2.2 Measurements 
Baxter Megafuge (model 2630) and Beckman-Coulter ultracentrifuge (Optima 
L90K with a type 90 Ti fixed-angle rotor) were used for low- and high-speed 
centrifugations, respectively. Thermogravimetric analysis (TGA) was performed on a TA 
Instruments Q500 TGA (up to 800 °C with air or nitrogen gas). 
Transmission electron microscopy (TEM) imaging was carried out on a Hitachi 
HD-2000 S-TEM system and a Hitachi H-9500 TEM system. The same S-TEM system 
was used for the in situ energy dispersive X-ray spectroscopy (EDX) analysis. Atomic 
force microscopy (AFM) images were obtained in the acoustic AC mode on a Molecular 
Imaging PicoPlus system equipped with a multipurpose scanner and a NanoWorld 
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Pointprobe NCH sensor. The height profile analysis was assisted by using the SPIP 
software distributed by Image Metrology. 
UV/vis absorption spectra were recorded on a Shimadzu UV2101-PC 
spectrophotometer. Photoluminescence spectra were measured on a Spex Fluorolog-2 
emission spectrometer equipped with a 450 W xenon source and a detector consisting of 
a Hamamatsu R928P photomultiplier tube operated at 950 V. A Leica laser scanning 
confocal fluorescence microscope (DMIRE2, with Leica TCS SP2 SE scanning system) 
was used for optical imaging and spectral measurements. The microscope was equipped 
with an argon ion laser (JDS Uniphase) and a femtosecond pulsed (∼100 fs at 80 MHz) 
Ti:Sapphire laser (Spectra-Physics Tsunami with a 5 W Millennia pump). An oil 
immersion objective lens (Leica X63/1.40) was used in both one- and two-photon 
imaging experiments. For the two-photon measurements, an external nondescanned 
detector (NDD) was used for higher signals. 
 
4.1.3 Results and Discussion 
Experimentally, carbon nanoparticles from laser ablation were processed in terms 
of the nitric acid treatment, dialysis, and then centrifugation to retain the supernatant, in 
which the suspended nanoparticles were generally less than 10 nm in size according to 
electron microscopy analyses. The doping of the carbon nanoparticles with ZnO or S
was achieved in an aqueous suspension of the nanoparticles with Zn(CH3COO)2 through 
hydrolysis with NaOH or precipitation with Na2S, respectively. For the former, the 
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sample was thermally annealed to convert Zn(OH)2 to ZnO. No thermal annealing step 
was necessary for ZnS-doped carbon nanoparticles. 
A sample (200 mg) containing either ZnO- or ZnS-doped carbon nanoparticles 
was dispersed in an aqueous solution of sodium dodecyl sulfate (1 wt %, 120 mL) via 
sonication for 30 min. Upon filtration, the filter cake was washed repeatedly with water, 
dried, and then mixed thoroughly with the diaminepolyethylene glycol 
H2NCH2(CH2CH2O)35CH2CH2CH2NH2 (PEG1500N, 1.9 g). The mixture was heated to 
110 °C and stirred for 72 h under nitrogen protection. It was then cooled to room 
temperature and dispersed in water, followed by centrifuging at 25000g to retain the 
supernatant. The reaction conditions were the same as those used previously in the 
functionalization of carbon nanotubes,12 where the PEG1500N amino groups and the 
carboxylic acid moieties on the oxidized carbon surface (still naked areas on ZnO- or 
ZnS-doped carbon nanoparticles) form zwitterion pairs.12,13 Additionally, there may also 
be strong PEG1500N adsorption on the particle surface, as also observed in the 
functionalized carbon nanotubes. 
The carbon dots with ZnO- or ZnS-doped carbon cores (“CZnO-Dots” or “CZnS-
Dots”, respectively) were characterized by using microscopy techniques. Shown in 
Figure 4.1.2 are the TEM images of CZnS-Dots, which suggest typical dot sizes around 4-
5 nm. At a higher imaging resolution, the doping of a carbon particle with ZnS could be 
visualized (Figure 4.1.2 and also Figure 4.1.1). The results from energy dispersive X- ay 
(EDX) analyses of CZnS-Dots on a silicon grid confirmed the presence of C, Zn, and S. 

















Figure 4.1.2 (a) TEM (Z-contrast) images of CZnS-Dots. (b) High-resolution TEM images 
of individual carbon dots without doping (left) and with ZnS-doping (right, showing 
lattice fringes). (c) AFM topography images of CZnO-Dots on a mica substrate (and the 
height profile along the line). 

















Thermogravimetric analysis (TGA) measurements of the CZnO-Dots and CZnS-
Dots samples were performed at 10 °C/ min, first to 600 °C in nitrogen to remove the 
surface functional groups and then to 800 °C in air to oxidize the carbon core into carbon 
dioxide (purged out of the system). According to the TGA results, the core C:ZnO and 
C:ZnS ratios in CZnO-Dots and CZnS-Dots were approximately 3:1 and 2:1, respectively, in 
terms of weight (corresponding to 20:1 and 13:1, respectively, in molar ratios). 
The absorption and luminescence emission spectra of CZnO-Dots and CZnS-Dots 
are rather similar (Figure 4.1.3). For both samples, the absorption spectra featu e a 
shoulder in the blue region, where the absorptivities are on the order of 100 [(mole of 
core carbon atoms)/L]-1cm-1. The excitation into the absorption shoulder results in strong 
bluish green luminescence emissions (Figure 4.1.3 and also Figure 4.1.1). The observed 
emission quantum yields (440 nm excitation, quinine sulfate as the fluorescence standard) 
for CZnS-Dots in aqueous solution are consistently higher than 50% (varying somewhat 
from batch to batch, up to 15%, in about a dozen of repeated sample preparations). This 
is competitive to the performance of commercially available organic-based CdSe/ZnS 
core-shell dots (NN-LABS, LLC, Figure 4.1.1). 
The currently available CZnO-Dots in aqueous solution are slightly less 
luminescent than CZnS-Dots, with observed quantum yields around 45% (also varying 
somewhat from batch to batch, up to 15%, in repeated sample preparations). 
Mechanistically, the photoluminescence in carbon dots has been attributed to 
passivated defects on the carbon particle surface acting as excitation energy traps, for 







Figure 4.1.3 Absorption (ABS) and luminescence emission (FLSC, 440 nm excitation, 
normalized against the peak intensity) spectra of CZnS-Dots (left) and CZnO-Dots (right) in 
aqueous solutions. As also shown for comparison, the carbon nanoparticles doped with 





































the role of ZnO or ZnS doping in the substantial enhancement of photoluminescence 
performance is not clear (no precedent to follow), we propose that the dopant may 
provide secondary yet more effective surface passivation in combination with the organic 
passivation agents. Results from repeated control experiments suggested that the 
functionalization of ZnO- or ZnS-doped carbon nanoparticles by the organic (PEG1500N) 
molecules is necessary for the observed very strong photoluminescence, as comp red in 
Figure 4.1.3. 
The CZnO-Dots and CZnS-Dots are both strongly luminescent under multiphoton 
excitation conditions, a property that they share with the original carbon dots.9 The two-
photon excitation at 800 nm with a femtosecond pulsed laser (Spectra Physics Tsunami 
Ti-Sapphire) resulted in bright luminescence emissions in the visible region, which were 
generally similar to those observed with one-photon excitation at 458 nm (argon ion 
laser). For example, shown in Figure 4.1.4 are luminescence images of CZnS-Dots 
obtained on a confocal microscope (Leica DMIRE2 with TCS SP2 SE scanning system) 
with one- and two-photon excitations. Even with infinite dilution of the solution used in 
the preparation of the specimen, the resulting luminescence emissions from presumably 
individual dots could still be readily detected (Figure 4.1.4). These results suggest great 
potentials of these dots in one- and two-photon luminescence imaging applications. 
In summary, small carbon nanoparticles doped with inorganic salts apparently 
serve as a highly promising new platform in the development of quantum dotlike optical
nanomaterials for imaging and other applications. The CZnO-Dots and CZnS-Dots in 






Figure 4.1.4 One- (left, 458 nm excitation) and two-photon (right, 800 nm excitation) 
luminescence images of the CZnS-Dots and that for the specimen from an infinitely 






QDs in luminescence brightness. Beyond the blue-green regions, carbon dots with doped 
carbon cores for other colors are being pursued. 
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4.2 Carbon Dots with the Core Doped by Different Inorganic Salts 
 
4.2.1 Introduction 
There has been extensive recent research in semiconductor quantum dots, especially 
CdSe/ZnS quantum dots, regarding their optical performance1,2 and related applications.3-
8 However, because the toxicity of these substances greatly limits their pot ntial 
applications, 9-13 alternative nontoxic fluorescent nanoparticles, 14-16 such as luminescent 
surface-passivited carbon nanoparticles, dubbed “carbon dots”, have also been a subject 
of intense research.17-20 The as-produced carbon dots exhibited fluorescence quantum 
yields up to 20%, which have further been improved to over than 50% through additional 
ZnS or ZnO doping.19 The fractionation of as-produced carbon dots by gel column 
yielded the most fluorescent fractions up to 60% in quantum yields, with an approximate 
brightness three times than that of the best commercial CdSe/ZnS QDs at the individual 
dot level (owing to the carbon dots being significantly higher in absorptivities).20 
Toxicity evaluations showed that carbon dots are nontoxic both in vitro and in vivo,21 
indicating the greater suitability of carbon dots over CdSe/ZnS QDs for biological 
applications.21,22 In this section, in addition to ZnS and ZnO, we report that carbon dots 
can be doped by other inorganic salts such as TiO2, Si 2, AgCl and Fe3O4, and that the 
spectroscopic performances of carbon dots (especially fluorescence quantum yields) are 
strongly related to the types of dopants. Further fractionating doped carbon dots shows 
that the quantum yields of the most fluorescent fractions of ZnS-doped carbon dots could 
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reach up to 75%. Spectroscopic properties of carbon dots, which were changed by 
various dopants and the gel-column fractionation, are also discussed.  
 
4.2.2 Experimental Section 
 
4.2.2.1 Materials 
O,O’-bis(3-aminopropyl) polyethylene glycol (MW ~ 1,500, PEG1500N), thionyl 
chloride (SOCl2, >99%), titanium ethoxide (Ti(OC2H5)4, >97%) and tetraethyl 
orthosilicate (Si(OC2H5)4, >99%) were supplied by Aldrich. Zinc acetate dihydrate 
(Zn(OOCCH3)2·2H2O, >98%), sodium sulfide (Na2S·9H2O, >98%), silver nitrate 
(AgNO3, >99%), sodium chloride (NaCl, >99.5%), sodium hydroxide (NaOH, >97%), 
iron(II) sulfate heptahydrate (FeSO4·7H2O, >98%) and iron (III) chloride hexahydrate 
(FeCl3·6H2O, >98%) were purchased from Alfa. Nitric acid (HNO3, 60-70%), ethanol 
(EtOH, >99%), 2-propanol ((CH3)2CHOH, 99.9%), N,N-dimethylformamide (DMF, 
99%) and sodium dodecyl sulfate (SDS, 99%) were supplied by VWR. Sephadex G-
100TM gel was provided by GE Healthcare. Carbon-coated and silica-coated copper grids 
were obtained from Electron Microscopy Sciences. Millipore Durapore membrance 
filters (pore size 0.22 µm) were purchased from Fisher. Water was deionized and purified 






The VWR model 250D bath sonicator and the Baxter megafuge model 2630 (up 
to 6000g) and Beckman Coulter model Optima L-90K (up to 694,000g) centrifuges were 
used. Thermogravimetric analysis was performed using a TA Instruments TGA Q500 
analyzer, and X-ray powder diffraction measurements were performed on a Sci t g XDS-
2000 powder diffraction system. Transmission electron microscopy (TEM) imaging was 
conducted on a Hitachi H-9500 TEM system and a Hitachi HD-2000 S-TEM system, 
respectively with the latter also being used for the energy dispersive X-ray spectroscopy 
(EDX) analysis. Atomic force microscopy (AFM) images were obtained  the acoustic 
AC mode on a Molecular Imaging PicoPlus AFM system equipped with a multipurpose 
scanner and a NanoWorld Pointprobe NCH sensor. The height profile analysis was 
determined by using the SPIP software distributed by Image Metrology, and UV/vis 
absorption spectra were recorded on a Shimadzu UV2101-PC spectrophotometer. 
Fluorescence spectra were obtained on a Spex Fluorolog-2 emission spectrometer 
equipped with a 450 W xenon source and a detector consisting of a Hamamatsu R928P 
photomultiplier tube (PMT) operated at 950 V. Fluorescence decays were measured on a 
time-correlated single photon counting (TCSPC) setup with a Hamamatsu stabilized 
picosecond light pulser (PLP-02) for 407 nm excitation (<100 ps pulses at 1 MHz 
repetition rate), coupled with a Phillips XP2254/B PMT in a thermoelectrically ooled 




4.2.2.3 Preparation of carbon dots and doped carbon dots 
Acid-treated carbon nanoparticles.17 Carbon soot (2 g) obtained from laser 
ablation was refluxed in an aqueous nitric acid solution (2.6 M, 200 mL) for 12 h. After 
being cooled to room temperature, the sample was dialyzed against fresh water, followed 
by centrifuging at 1,000g to retain the supernatant. Acid-treated carbon nanoparticles (1 g) 
were obtained after removal of the water. 
ZnS-doped carbon nanoparticles (C/ZnS).19 Acid-treated carbon nanoparticles 
(600 mg) were dispersed in DMF (200 mL) with the aid of ultrasonication for 30 min. 
Zinc acetate dihydrate (680 mg, 3.1 mmol) was added to the suspension under vigorous 
stirring, followed by the slow dropwise addition of an aqueous Na2S solution (0.62 M, 5 
mL) at room temperature. The mixture was centrifuged at 3000g, and the precipitate was 
retained and repeatedly washed with distilled water to obtain the ZnS-doped carbon
nanoparticles (881 mg). 
ZnO-doped carbon nanoparticles (C/ZnO). Acid-treated carbon nanoparticles 
(200 mg) was dispersed in 2-propanol (300 mL) through ultrasonication for 30 min. Zinc 
acetate dihydrate (180 mg, 0.82 mmol) was added to the suspension under vigorous 
stirring. The mixture was sonicated for 1 h and then cooled to 0 °C.  A NaOH (53 mg, 
1.31mmol) in 2-propanol (67 mL) solution was then added at 0 °C within 1 min under 
stirring. It was then warmed to room temperature and then stirred continuously overnight. 
Upon removal of the solvent through rotovary evaporation, the residue was repeatedly 
washed with distilled water to obtain the ZnO-doped carbon nanoparticles (268 mg). 
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TiO 2-doped carbon nanoparticles (C/TiO2). The sol-gel solution
23 was prepared 
as a doping source, with the molar ratio for the sol-gel solution preparation of 
Ti(OC2H5)4:EtOH:H2O:HNO3 = 1:70:1.9:0.2. The solution was refluxed at 80 °C for 1 h 
under vigorous stirring. Acid-treated carbon nanoparticles (200 mg) were mixed w th the 
solution (32 mL), and the mixture was sonicated for 1h, stirred for 12 h and then filtrated. 
The filter cake was grounded and annealed at 250 °C for 1 h to yield TiO2-doped carbon 
nanoparticles (225 mg). 
SiO2-doped carbon nanoparticles (C/SiO2). The sol-gel solution
23 was prepared 
as a doping source. The molar ratio for the sol-gel solution preparation was 
Si(OC2H5)4:EtOH:H2O:HNO3 = 1:70:1.9:0.2. The solution was refluxed at 80 °C for 1 h 
under vigorous stirring. Acid-treated carbon nanoparticles (200 mg) were mixed w th the 
solution (32 mL), and the mixture was sonicated for 1h, stirred for 12 h and then filtrated. 
The filter cake was grounded and annealed at 250 °C for 1 h to yield SiO2-doped carbon 
nanoparticles (210 mg). 
AgCl-doped carbon nanoparticles (C/AgCl). Acid-treated carbon nanoparticles 
(600 mg) were dispersed in DMF (200 mL) with the aid of ultrasonication for 30 min. 
Silver nitrate (357 mg, 2.1 mmol) was added to the dispersion under vigorous stirring, 
followed by a slow dropwise addition of an aqueous NaCl solution (0.42 M, 5 mL) at 
room temperature. The mixture was centrifuged at 3000g, and the precipitate was 
retained and repeatedly washed with distilled water to obtain the AgCl-doped carbon 
nanoparticles (876 mg). 
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Fe3O4-doped carbon nanoparticles (C/Fe3O4). Acid-treated carbon 
nanoparticles (200 mg) were dispersed in H2O (200 mL) via ultrasonication for 30 min. 
Iron (III) chloride hexahydrate (232 mg, 0.86 mmol) and iron(II) sulfate heptahydrte 
(120 mg, 0.43 mmol) was added to the suspension under vigorous stirring at 80 °C in a 
nitrogen atmosphere, followed by slow dropwise addition of an aqueous NaOH solution 
(1.04 M, 5 mL) at room temperature. The mixture was centrifuged at 3000g, and the 
precipitate was retained and repeatedly washed with distilled water to obtain the Fe3O4-
doped carbon nanoparticles (301 mg). 
Preparation of doped carbon dots19 (CX-Dots, X = ZnS, ZnO, TiO2, SiO2, 
AgCl, Fe3O4). Doped carbon nanoparticles (200 mg) were dispersed in an aqueous 
solution of sodium dodecyl sulfate (1 wt %, 120 mL) via sonication for 30 min. Upon 
filtration, the filter cake was washed repeatedly with water, dried, and then mixed 
thoroughly with carefully dried PEG1500N (1.9 g). The mixture was heated to 110 °C and 
stirred for 3 days under nitrogen protection. The mixture was then cooled to room 
temperature and dispersed in water, and then centrifuged at 25,000g to retain the 
supernatant as aqueous solution of the doped carbon dots. 
Fractionation of doped carbon dots.20 The gel column for the fractionation of 
doped carbon dots was prepared with the commercially supplied Sephadex G-100TM gel. 
Briefly, the gel (15 g) was soaked in water for 3 days, and the supernatant (including the 
suspended ultrafine gel) was discarded. The remaining gel was washed until no gel was 
suspended in the supernatant. Air bubbles were removed with vacuum. Separately, a 
glass column (25 mm inner diameter) was filled with water to remove air bubbles, and 
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then closed. The gel suspension described above was poured into the column. As the gel 
precipitation to reach about 2 cm in height, the column was opened for the continuous 
addition of the gel suspension. The gel-filled column was washed until no changes in 
height (36 cm), followed by the testing and calibration of the column. In the fractionation, 
an aqueous solution of CZnS-Dots or CTiO2-Dots was added to the gel column and eluted 
with water. Colored fractions were collected for characterization and further investigation. 
 
4.2.3 Results and discussions 
We reported previously an investigation on the PEG1500N functionalized ZnS- or 
ZnO-doped carbon nanoparticles (CZnS-Dots or CZnO-Dots).
19 The pre-functionalization 
ZnS- or ZnO-doped carbon nanoparticles (C/ZnS or C/ZnO) were synthesized using the 
following method. First, carbon nanoparticles were dispersed in DMF via the aid of 
ultrasonication. A layer of inorganic salts was then deposited onto the surface of carbon 
nanoparticles by sequential adsorption of metal cations onto the particle surface th ough 
electrostatic attraction and then slow reacted with non-metal anions to form insoluble 
salts. Specifically, ZnO in C/ZnO were synthesized through the reaction between Zn2+ 
and OH- in an aqueous DMF solution. Since the formation of ZnO is not as favorable as 
the formation of Zn(OH)2 in an aqueous environment,
24 the obtained doped samples were 
annealed at 200 °C to convert Zn(OH)2 to ZnO.
19 In the work presented here, the 
procedure of preparing C/ZnO was modified by using anhydrous 2-propanol as the 
solvent to directly produce ZnO without thermal treatment.24,25 In this procedure, ZnO in 
C/ZnO was formed in 2-propanol according to the following reactions: 
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Zn OAc +HOH/OH- Zn OH +HOAc/OAc-
Zn OH + Zn OAc Zn O Zn + HOAc  
The C/ZnO obtained from the 2-propanol was functionalized in the classical 
thermal reaction with the PEG1500N
17,19,21 to yield aqueous soluble CZnO-Dots. C/ZnS and 
CZnS-Dots were synthesized by using the same method described previously.
19 
Both CZnS-Dots and CZnO-Dots were characterized by using microscopy 
techniques. The TEM images of CZnS-Dots (Figure 4.2.1) and CZnO-Dots (Figure 4.2.2) 
suggest that the typical particle sizes of both samples were approximately 5 nm. In high-
resolution TEM images (Figure 4.2.1 and Figure 4.2.2), the carbon cores of CZnS-Dots or 
CZnO-Dots were partially coated by crystalline structures that can be assigned to either 
ZnS or ZnO. The results from energy dispersive X-ray (EDX) analyses confirmed the 
presence of elements C, Zn and S in CZnS-Dots (on a silicon grid), and C and Zn in CZnO-
Dots (on a silicon grid). 
Thermogravimetric analysis (TGA) and X-ray powder diffraction (XRD) were 
performed to measure both the pre- and post-functionalization doped carbon nanoparticle 
samples. The pre-functionalization doped carbon nanoparticle samples (C/ZnS or C/ZnO)
were dried in a vacuum oven overnight prior to the measurement. The post-
functionalization doped carbon nanoparticle samples (C/ZnS-post or C/ZnO-post), 
representing the doped carbon cores in the carbon dot samples, were obtained from the 
aqueous solution of CZnS-Dots or CZnO-Dots by being subsequently dried by rotovap and 
annealed at 600 °C for 30 min to selectively remove functional groups (PEG1500N). TGA 


















Figure 4.2.1 A representative TEM (Z-contrast) image of CZnS-Dots (upper) and high-
resolution TEM images of the individual CZnS-Dots (lower), with corresponding 
statistical size analysis results based on multiple images (TEM images courtesy of Dr. 
Mohammed J. Meziani ) 
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Figure 4.2.2 A representative TEM (Z-contrast) image of CZnO-Dots (left) and high-
resolution TEM images of the individual CZnO-Dots (right). (TEM images courtesy of Dr. 











 in the presence of dry air. The TGA traces were shown in Figure 4.2.3 and Figure 4.2.4 
according to dopants. The weight losses in the TGA traces were the major correspondents 
to the oxidation of carbon atoms to carbon dioxide. The remaining residues in the TGA 
pans after the system cooled and the pre-functionalization doped carbon nanoparticle 
samples (C/ZnS and C/ZnO) were identified by X-ray powder diffraction (XRD) (Figure 
4.2.3 and Figure 4.2.4). These XRD results, matched with the standard XRD patterns 
from the JCPDS database, indicated that the existence of ZnS (Wurtzite) or ZnO (Zincite) 
in the pre-functionalization doped carbon nanoparticle, and the TGA residues of both 
C/ZnS-post and C/ZnO-post were ZnO (Zincite). These results suggest the conversion 
from ZnS (MW 97.5) to ZnO (MW 81.4) at high temperatures in air also contributed to the 
weight losses in the TGA traces of the ZnS-doped samples. Next, ZnS and ZnO contents 
in the doped carbon nanoparticle samples were calculated using both the weight loss 
within the TGA traces and the TGA residue types. These results, shown in Table 4.2.1, 
suggest that the ZnS or ZnO contents were little changed (within experimental error 
margins) between pre- and post-functionalization doped samples. The C:ZnS and C:ZnO 
ratios in post-functionalization samples were approximately 2:1 and 3:1, respectively, in 
terms of weight (corresponding to 13:1 and 19:1, respectively, in molar ratios). 
The absorption and fluorescence emission (440 nm excitation) spectra of CZnS-
Dots and CZnO-Dots were shown in Figure 4.2.5. The optical absorption shoulders in the 



















Figure 4.2.3 TGA traces (10 ºC/min in continuous air flow) for C/ZnS (A) and C/ZnS-
post (B); and the X-ray diffraction pattern of C/ZnS (upper) and the TGA residue of 
C/ZnS-post (bottom), along with the standard ZnS (Wurtzite, ——) and ZnO (Zincite,     
- - -) from JCPDS database (C). 
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Figure 4.2.4 TGA traces (10 ºC/min in continuous air flow) for C/ZnO (A) and C/ZnO-
post (B); and the X-ray diffraction pattern of C/ZnO (upper) and the TGA residue of 
C/ZnO-post (bottom), along with the standard ZnO (Zincite) from JCPDS database (C). 
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Table 4.2.1 Dopant contents in the doped carbon nanoparticle samples  
 
Dopant ZnS ZnO TiO2 SiO2 AgCl Fe3O4 
Content* (%) 33% 23% 15% 10% 37% 35% 
Content** (%) 35% 26% 16% 9% 42% 37% 
Mole ratio (C:X)** 13 : 1 19:1 35 : 1 51 : 1 26:1 34:1 














the excitation resulted in equally characteristic green fluorescence emissions (centered at 
approximately 510 nm, Figure 4.2.5) with quantum yields of around 50% and 39% (Table 
4.2.2), corresponding to CZnS-Dots and CZnO-Dots, respectively.   
The results of the C:ZnO ratios (Table 4.2.1), the average core diameter (Figure 
4.2.2), and the UV/vis absorption and fluorescence spectra (Figure 4.2.5) of CZnO-Dots 
suggest there is no meaningful difference between the CZnO-Dots prepared here and 
previously.19 CZnS-Dots were synthesized through the same procedure as described 
previously.19  
As previously reported, the fluorescence from the carbon dots was associated with 
energy traps originating from the defect sites on the surface of carbon nanoparticles.17 
Though organic or polymeric molecules such as PEG1500N are commonly used as 
passivation agents to stabilize the radiative recombination of excitons,  ZnS or ZnO 
doping may perhaps provide more effective secondary surface passivation, resulting in 
brighter fluorescence emissions.19 With these findings, the further study was to determine 
if there were another dopant beyond ZnS and ZnO. Four inorganic salts, including TiO2, 
SiO2, AgCl, and Fe3O4, were selected as new dopants.  
The sol-gel method23 was used to dope TiO2 or SiO2 on the surface of carbon 
nanoparticles. With the formation of pre-functionalization TiO2-doped carbon 
nanoparticles (C/TiO2) being used as an example, titanium ethoxide, ethanol, water and 
nitric acid were mixed, followed by refluxing at 80 °C for 1h. In this procedure, the sol-












Figure 4.2.5 Absorption (ABS) and luminescence emission (FLSC, 440 nm excitation, 

































Table 4.2.2 Fluorescence quantum yields of carbon dot samples in aqueous solutions at 
400 nm, 440 nm and 500 nm excitation wavelengths  
 
 
 Quantum yield  
(Ex 400 nm) 
Quantum yield  
(Ex 440 nm) 
Quantum yield  
(Ex 500 nm) 
C-Dots 11% 18% 7% 
CZnS-Dots 25% 50% 12% 
CZnO-Dots 19% 39% 11% 
CTiO2-Dots 20% 42% 12% 
CSiO2-Dots 6% 9% 2% 
CAgCl-Dots 7% 12% 2% 







Ti O C2H5 + 2H2O Ti OH + 2H2OHydrolysis:
Ti OH+ TiHO Ti O TiCondesation: +H2O 
When carbon nanoparticles were sonicated in the sol-gel solution, the obtained Ti 
condensate was adsorbed on the surface of carbon nanoparticles and then converted to a 
layer of TiO2 by annealing at 250 °C. The same approach and similar experimental 
conditions were applied to the preparation of pre-functionalization SiO2-doped carbon 
nanoparticles (C/SiO2). The functionalization of C/TiO2 or C/SiO2 with PEG1500N was 
used to derive CTiO2-Dots or CSiO2-Dots in an aqueous solution, which is the same 
procedure used to prepare the CZnO-Dots. 
CTiO2-Dots and CSiO2-Dots were characterized by various microscopy techniques. 
Specifically, the TEM and AFM images of CTiO2-Dots (Figure 4.2.6) and CSiO2-Dots 
(Figure 4.2.7) suggest that the typical particle dimensions of both samples are 
approximately 5 nm in size. At a higher imaging resolution, the doping of carbon 
particles with TiO2 can be visualized. No SiO2 crystalline structure was found in the 
high-resolution images of CSiO2-Dots. The results from energy dispersive X-ray (EDX) 
analyses showed the presence of C and Ti in CTiO2-Dots (on a silicon grid) and Si in 
CSiO2-Dots (on a carbon grid). 
TGA and XRD were performed to measure TiO2- and SiO2-doped carbon 
nanoparticle samples. The pre-functionalization doped carbon nanoparticle samples 















Figure 4.2.6 (A) A representative TEM (Z-contrast) image of CTiO2-Dots; (B) A 
representative AFM topography image of CTiO2-Dots on a mica substrate and the height 
profile plot along the line; (C) High-resolution TEM images of the individual CTiO2-Dots. 
































Figure 4.2.7 (A) A representative TEM (Z-contrast) image of CSiO2-Dots; (B) A 
representative AFM topography image of CSiO2-Dots on a mica substrate with the height 
profile plot along the line; (C) High-resolution TEM images of the individual CSiO2-Dots. 




















No TiO2 or SiO2 peaks could be identified from the XRD pattern of C/TiO2 or C/SiO2, 
respectively, which may due to the low dopant contents (~10 %) in the pre-
functionalization doped carbon nanoparticle samples (Table 4.2.1). The post-
functionalization doped carbon nanoparticle samples (C/TiO2-post or C/SiO2-post), 
representing the doped carbon cores in the carbon dot samples, were obtained from the 
aqueous solution of CTiO2-Dots or CSiO2-Dots by being subsequently dried by rotovap and 
annealed at 600 °C for 30 min to selectively remove functional groups (PEG1500N). TGA 
measurements were conducted with a relatively slow heating rate of 10 °C/min to 800 °C 
in the presence of dry air. The TGA traces are shown in Figure 4.2.8 and Figure 4.2.9 
according to dopants. The weight losses in these TGA traces were the major 
correspondents to the oxidation of carbon atoms to carbon dioxide, which began at 
approximately 400 °C for TiO2-doped carbon nanoparticles but began at approximately 
550 °C for SiO2-doped carbon nanoparticles. The high oxidation temperature of carbon in 
SiO2-doped carbon nanoparticles may be due to the spontaneous formation of Si-C and 
Si-O-C bonds in the C/SiO2-interface through carbothermal reductions.
26 Subsequent to 
the system cooling, XRD was used to identify the remaining residues in the TGA pans 
(Figure 4.2.8 and Figure 4.2.9). These results, matched with the standard XRD patterns 
from the JCPDS database, indicated that the TGA residues for C/TiO2-post and C/SiO2-
post were TiO2 (anatase and rutile) and SiO2 (no-crystalline phase), respectively. The no-
crystalline phase of SiO2 found in the TGA residue may perhaps be the explation as to 



















Figure 4.2.8 TGA traces (10 ºC/min in continuous air flow) for C/TiO2 (A) and C/TiO2-
post (B); and the X-ray diffraction pattern of C/TiO2 (upper) and  the TGA residue of 
C/TiO2-post (bottom), along with the standard TiO2 (anatase, —— and rutile, - - -) from 
the JCPDS database (C). 
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Figure 4.2.9 TGA traces (10 ºC/min in continuous air flow) for C/SiO2 (A) and C/SiO2-
post (B); and the X-ray diffraction pattern of C/SiO2 (upper) and the TGA residue of 
C/SiO2-post (bottom), along with the standard SiO2 (no-crystalline phase) from the 
JCPDS database (C). 
Temperature (oC)















































CSiO2-Dots. According to the weight losses in the TGA traces, TiO2 and SiO2 contents in 
the doped carbon nanoparticle samples were calculated as shown in Table 4.2.1. These 
results suggest that the TiO2 or SiO2 contents were little changed (within experimental 
error margins) between the pre- and post-functionalization doped samples. The C:TiO2 
and C:SiO2 ratios in the post-functionalization samples were approximately 5.3:1 and 
10:1 in terms of weight, respectively (corresponding to 35:1 and 51:1, respectively, in 
molar ratios). These values are obviously lower than the contents of dopants in ZnS- or 
ZnO-doped samples (Table 4.2.1), which may be due to the synthetic methods. The 
contents of TiO2 or SiO2 cannot be increased by simply increasing the usage of Ti or Si 
source in current sol-gel systems. In this case, dopant contents were limited by the 
surface adsorption ability of the carbon nanoparticles. 
The absorption and fluorescence emission (440 nm excitation) spectra of CTiO2-
Dots and CSiO2-Dots are shown in Figure 4.2.10. The absorption spectra of both samples 
feature a shoulder in the blue region (approximately 440 nm). Green luminescence 
emissions (centered at approximately 510 nm, Figure 4.2.10) were observed when CTiO2-
Dots or CSiO2-Dots in aqueous solutions were excited at 440 nm, while CTiO2-Dots 
exhibited a noticeably brighter fluorescence than CSiO2-Dots. The fluorescence quantum 
yield of CTiO2-Dots at 440 nm excitation was approximately 42%, a four-fold increase 
than that of CSiO2-Dots (Table 4.2.2). 
In addition to TiO2 and SiO2, AgCl and Fe3O4 were also selected as dopants. The 












Figure 4.2.10 Absorption (ABS) and luminescence emission (FLSC, 440 nm excitation, 
normalized against the peak intensity) spectra of CTiO2-Dots (left) and CSiO2-Dots (right) 





























were synthesized through the same synthetic method as with C/ZnS and C/ZnO. 
Specifically, AgCl was formed on the surface of carbon nanoparticles through the 
reaction between Ag+ and Cl- in an aqueous DMF solution, while C/Fe3O4 was prepared 
by co-precipitating iron (II) sulfate and iron (III) chloride salts in an aqueous suspension 
of carbon nanoparticles.27 The identical functionalization reaction scheme and conditions 
were applied to the funtionalization of C/AgCl or C/Fe3O4 to yield a stable aqueous 
solution (CAgCl-Dots or CFe3O4-Dots, respectively). 
Only CAgCl-Dots were characterized by using microscopy techniques. The TEM 
images (Figure 4.2.11) of CAgCl-Dots suggest that the typical particle sizes were between 
10~30 nm, with an approximate four-fold increase in size than other doped carbon dots 
(CZnS-Dots, CZnO-Dots, CTiO2-Dots and CSiO2-Dots). At a higher imaging resolution, the 
doping of carbon particles with AgCl are visible, with the results from energy dispersive 
X-ray (EDX) analyses of CAgCl-Dots on a silicon grid confirming the presence of C, Ag 
and Cl. 
TGA was performed to measure the pre-functionalization AgCl- and Fe3O4-doped 
carbon nanoparticle samples, which were dried in a vacuum oven overnight prior to 
measurement. The post-functionalization doped carbon nanoparticle samples (C/AgCl-
post or C/Fe3O4-post), representing the doped carbon cores in the carbon dot samples, 
were obtained from the aqueous solution of CAgCl-Dots or CFe3O4-Dots by being 
subsequently dried by rotovap and annealed at 600 °C for 30 min to selectively remove 




















Figure 4.2.11 TEM images of CAgCl-Dots: (A) A representative S-TEM image (Z-
contrast) in dark field; (B) A representative image in bright field; (C) High-resolution 









heating rate of 10 °C/min to 800 °C in the presence of dry air. These TGA traces, shown 
in Figures 4.2.12 and 4.2.13 in different dopants, exhibited weight losses that primarily 
correspond to the oxidation of carbon atoms to carbon dioxide. The remaining residues in 
TGA pans after the system cooled down were identified by XRD (Figures 4.2.12 and 
4.2.13) and their XRD results were matched with the standard XRD patterns from the 
JCPDS database. The TGA residue for C/AgCl-post was AgCl (Chlorargyrite) mixed 
with the Ag metal (Silver-3C); the TGA residue for C/Fe3O4-post was a mixture of Fe2O3 
and Fe3O4. The XRD patterns of the pre-functionalization doped samples showed there 
were only C and AgCl (no Ag metal) in C/AgCl, and C and Fe3O4 (no Fe2O3) in C/Fe3O4. 
We propose that AgCl decomposed at high temperature in the TGA pans to form Ag 
metal, while Fe3O4 was partially oxidized to Fe2O3 under the same conditions. Because of 
the unknown ratios between AgCl and Ag, and between Fe3O4 and Fe2O3 in the TGA 
residues, AgCl and Fe3O4 contents in the doped carbon nanoparticle samples were 
estimated by assuming that all of these ratios are equal to 1:1 (as shown in Table 4.2.1.) 
These results suggest that either the AgCl or Fe3O4 contents in the post-functionalization 
doped samples are slightly higher (within experimental error margins) than the pre-
functionalization samples (Table 4.2.1). In terms of weight, the C:AgCl and C:Fe3O4 
ratios in post-functionalization samples were approximately 1.4:1 and 1.7:1 respectively 
(corresponding to 26:1 and 34:1, respectively, in molar ratios). 
The absorption and fluorescence emission spectra (440 nm excitation) of CAgCl-



















Figure 4.2.12 TGA traces (10 ºC/min in continuous air flow) for C/AgCl (A) and 
C/AgCl-post (B); and X-ray diffraction patterns of C/AgCl (upper) and the TGA residue 
of C/AgCl-post (lower), along with the standard AgCl (Chlorargyrite, ——) and Ag 
metal (Silver-3C, - - -) from the JCPDS database (C). 
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Figure 4.2.13 TGA traces (10 ºC/min in continuous air flow) for C/Fe3O4 (A) and 
C/Fe3O4-post (B); and the X-ray diffraction pattern of C/Fe3O4 (upper) and the TGA 
residue of C/Fe3O4-post (lower), along with the standard Fe3O4 (——) and Fe2O3 (- - -) 
































































Figure 4.2.14 Absorption (ABS) and luminescence emission (FLSC, 440 nm excitation, 
normalized against the peak intensity) spectra of CAgCl-Dots (left) and CFe3O4-Dots (right) 




























Dots and CFe3O4-Dots samples feature a shoulder at the same blue spectrum region, along 
with other doped carbon dot samples. Green luminescence emissions centered at 
approximately 510 nm (Figure 4.2.14) were observed when CAgCl-Dots or CFe3O4-Dots in 
an aqueous solution were excited at 440 nm. The observed quantum yields of CAgCl-Dots 
and CFe3O4-Dots at 440 nm excitation are approximately 7% and 6%, respectively, as 
shown in Table 4.2.2. 
For the six types of doped carbon dots synthesized: CZnS-Dots, CZnO-Dots, CTiO2-
Dots, CSiO2-Dots, CAgCl-Dots and CFe3O4-Dots, the absorption spectra exhibited a shoulder 
at approximately 440 nm. The absorption spectra of these samples were normalized at 
400 nm (as shown in Figure 4.2.15) along with the absorption spectrum of carbon dots 
(C-Dots)20 for comparison. The shoulder positions of carbon dot samples in their 
absorption spectra were slightly shifted with the application of various dopants (Figure 
4.2.15). If the shoulder of C-Dots is set as a standard, CZnS-Dots, CZnO-Dots and CTiO2-
Dots generally exhibit larger shoulders in their absorption spectra, while CSiO2-Dots, 
CAgCl-Dots and CFe3O4-Dots show smaller shoulders. The fluorescence spectra (440 nm) 
of these samples were also normalized to spectral peaks as shown in Figure 4.2.16, inset 
for comparison. The luminescence emission spectra of both the C-Dots and doped carbon 
dot samples are rather similar with no significant shift or bandwidth change. However, 
the fluorescence brightness and corresponding quantum yields at 440 nm excitation 
changed dramatically when different dopants were applied (Figure 4.2.16 and Table 
4.2.2). Generally, carbon dot samples with larger absorption shoulders show higher 

















Figure 4.2.15 Absorption spectra (normalized at 400 nm) of C-Dots (black), CZnS-Dots 
(red), CZnO-Dots (green), CTiO2-Dots (yellow), CSiO2-Dots (blue), CAgCl-Dots (pink), and 
CFe3O4-Dots (cyan) in aqueous solutions. Shown in the inset are the enlarged bsorption 
shoulders within the blue region. 
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Figure 4.2.16 Fluorescence spectra (440 nm excitation) of C-Dots (black), CZnS-Dots 
(red), CZnO-Dots (green), CTiO2-Dots (yellow), CSiO2-Dots (blue), CAgCl-Dots (pink), and 
CFe3O4-Dots (cyan). The emission spectral intensities are normalized to quantum yields 
(normalized to spectral peaks in the inset). 
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both absorption spectra and fluorescence brightness) in doped carbon dots as doping 
effects. Some of the inorganic salts (e.g. ZnS, ZnO and TiO2) may provide positive 
doping effects to carbon dots, resulting in larger absorption shoulders in their absorption 
spectra and higher fluorescence quantum yields than that of C-Dots. Conversely, other 
salts such as SiO2, AgCl and Fe3O4 may provide negative doping effects, resulting in 
small absorption shoulders and lower fluorescence quantum yields. 
To further examine the doping effects for various dopants, the aqueous solutions 
of carbon dot samples were also excited at 400 nm. Interestingly, when the aqueous 
solutions of carbon dot samples were excited at 400 nm, the fluorescence emission 
spectra were generally broad, exhibiting two emission peaks (Figure 4.2.17). As an 
example, the fluorescence spectrum of C-Dots through deconvolution (resolving the 
curve into underlying peaks) can be represented by two overlapping Lorentzian peaks 
centered at approximately 465 nm and 510 nm respectively (Figure 4.2.17, inset). The 
ratio of area under the peak centered at approximately 510 nm to the peak centered at 
approximately 465 nm is ~ 2.7. The fluorescence spectra of the doped carbon dot samples 
were deconvoluted under the same conditions. As a result, the area ratios under the peak 
centered at approximately 510 nm to that centered at approximately 465 nm for CZnS-
Dots, CZnO-Dots, CTiO2-Dots, CSiO2-Dots, CAgCl-Dots and CFe3O4-Dots are equal to 155, 17, 
23, 2.5, 2.5 and 1.9, respectively. Clearly, these ratios in carbon dot samples are strongly 
related to their fluorescence quantum yields at 400 nm excitation (Table 4.2.2), as the 


















Figure 4.2.17 Fluorescence spectra (400 nm excitation) of C-Dots (black), CZnS-Dots 
(red), CZnO-Dots (green), CTiO2-Dots (yellow), CSiO2-Dots (blue), CAgCl-Dots (pink), and 
CFe3O4-Dots (cyan). The emission spectral intensities are normalized to quantum yields.
Shown in the inset is a deconvolution of the fluorescence spectrum of C-Dots based on 




























of quantum yields at 400 nm trends quite closely with the yields at 440 nm, as CZnS-
Dots > CTiO2-Dots ≈ CZnO-Dots > C-Dots > CAgCl-Dots > CSiO2-Dots ≈ CFe3O4-Dots. 
In 2006, our group reported surface-passivated carbon dots that exhibited the 
featureless absorption spectra (no shoulder in the blue region) and excitation wavelength 
dependent emissions.17 Specifically, the excitation wavelength dependent emission 
spectra of carbon dot samples at 400 nm excitation exhibited one peak centered at 
approximately 465 nm. 17,18 With slight modifications and more rigorous controls of the 
experimental conditions, carbon dots exhibited an absorption shoulder in the blue 
region.20 The excitation into the absorption shoulder (440 nm) results in a bandgap-like 
emission centered at approximately 510 nm. These characteristic absorption shoulder and 
emissions of C-Dots represent the specific electronic states/energy traps on the carbon 
surface known as “sweet spots”.20 Thus, in the emission spectra of the carbon dot 
solutions excited at 400 nm (Figure 4.2.17), we tentatively assign the emission peak 
centered at approximately 465 nm to the excitation wavelength dependent emission, and 
the peak centered at approximately 510 nm to the bandgap-like emission. It is apparent 
that the doping effects provided by various dopants preferentially affect the bandgap-like 
emissions since the samples with the higher quantum yields shows the higher ratios of 
area under the peak centered at approximately 510 nm to that at approximately 465 nm.
For example, the bandgap-like emission of CZnS-Dots at 400 nm excitation almost 
overwhelmed the excitation wavelength dependent emission with the ratio of 155. In 

















Figure 4.2.18. Fluorescence spectra (500 nm excitation) of C-Dots (black), CZnS-Dots 
(red), CZnO-Dots (green), CTiO2-Dots (yellow), CSiO2-Dots (blue), CAgCl-Dots (pink), and 
CFe3O4-Dots (cyan). The emission spectral intensities are normalized to quantum yields 
(normalized to spectral peaks in the inset). 
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emission, various carbon dot samples were also excited at 500 nm (Figure 4.2.18), out of 
the blue shoulder region within the absorption spectra. At this excitation condition, the 
emission spectra of all samples only exhibited one peak at approximately ~535 nm, 
which corresponds to the excitation wavelength dependent emission (Figure 4.2.18). As 
shown in Table 4.2.2, fluorescence quantum yields of C-Dots and doped carbon dots at 
the green excitation (500 nm) retained a similar sequence as that at 400 nm or 440 nm 
excitation. These results suggest that the doping effects provided by inorganic salts not 
only affected the bandgap-like emissions, representing a larger or smaller shoulder in 
blue region and corresponding higher or lower emission quantum yields at 440 nm 
excitation according to various inorganic salts, but also affected the excitation 
wavelength dependent emission. These two types of emissions were either enhanced or 
diminished at the same time with the application of the identical dopant.  
The fluorescence decays of C-Dots, CZnS-Dots, CTiO2-Dots, CSiO2-Dots and CAgCl-
Dots were measured by monitoring the emission decay using 407 nm laser pulse as the 
excitation source (Figure 4.2.19). While the fluorescence decays of the carbon dot 
samples could not be deconvoluted with a mono-exponential function,28 they could be  
deconvoluted with the use of a multicomponent decay function, to yield an average 
lifetime (τF). For example, the fluorescence decay of CZnS-Dots in an aqueous solution 
were deconvoluted well from their corresponding instrumental response functions using a 
triple-exponential equation to yield an average lifetime (τF) of 5.3 ns (Figure 4.2.20 and 
Table 4.2.3). The average lifetimes (τF) of C-Dots, CZnS-Dots, CTiO2-Dots, CSiO2-Dots and 
















Figure 4.2.19 Luminescence decays (407 nm excitation, monitored with a 470 nm narrow 
bandpass filter) of C-Dots (black), CZnS-Dots (red), CTiO2-Dots (yellow), CSiO2-Dots 
(blue) and CAgCl-Dots (pink). (Lifetime measurement courtesy of Dr. Li Cao) 
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Figure 4.2.20 Luminescence decays (407 nm excitation, monitored with 470 nm narrow 
bandpass filter) of CZnS-Dots (red, ——) and the corresponding instrumental response 
functions (black, ——). The decay was fitted by using a triple-exponential function to 
yield a reproduced curve (black, - - -). (Lifetime measurement courtesy of Dr. Li Cao) 
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Table 4.2.3 Fluorescence lifetimes (τF) of carbon dot samples 
 
Sample τF1 (ns) A1 τF2 (ns) A2 τF3 (ns) A3 τF (ns) Chisqu
are 
C-Dots 0.85 0.51 3.8 0.27 8.8 0.22 3.4 2.83 
CZnS-Dots 2.5 0.46 6.7 0.29 8.8 0.25 5.3 14.1 
CTiO2-Dots 0.77 0.33 3.4 0.34 8.8 0.33 4.3 2.96 
CSiO2-Dots 1.1 0.6 2.9 0.28 8.4 0.12 2.5 6.45 
CAgCl-Dots 2.4 0.51 5.3 0.35 8.3 0.09 3.8 11.4 
 
A1, A2 and A3 are the pre-exponential factors in triple-exponential decay equation 






CTiO2-Dots > CAgCl-Dots > C-Dots > CSiO2-Dots. Generally, the fluorescence lifetimes of 
carbon dot samples exhibits an identical trend with that of the fluorescence quantum 
yields, which can be interpreted as the fluorescent species with longer lifetimes exhibt 
brighter emissions. The only exception was CAgCl-Dots, which manifested a longer 
lifetime but a less emission quantum yield than that of the C-Dots. This longer r shorter 
lifetime of these doped carbon dots is possibly attributable to the better or worse degree 
of surface passivation provided by the dopants. 
Mechanistically, the fluorescence in carbon dots was thought to be associated 
with passivated surface defects of the core carbon particles.17-20 As such, we proposed 
that the additional passivation effects provided by inorganic salts may be responsible for 
these doping effects.19 However, the quantum yield and lifetime results of CAgCl-Dot 
seem to contradict our hypothesis. In comparison to C-Dots, while AgCl doping seems to 
provide a greater degree of surface passivation (exhibiting a longer lifetime), it also 
manifestes a negative doping effect (a lower quantum yield). It must be emphasized that 
because the fluorescence species discussed here (i.e. carbon nanoparticles, inorganic salts, 
polymeric molecules), are very complex systems, many factors may affect their 
fluorescence brightness including the passivation effects. The size of the carbon 
nanoparticles is one of such phenomena affecting this fluorescence brightness. As 
previously reported, larger carbon particles with the same surface passivation were found 
to be much less luminescent than smaller carbon particles due to the less surface-to-
volume ratios.17 Secondly, properties of dopants may also affect the fluorescence 
brightness of carbon dot samples. For example, the formation of Si-C and Si-O-C bonds 
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in the C/SiO2-interface
26 may change both the chemical structures and energy levels of 
the defects on the carbon surface. In addition, Fe3O4 may also quench the fluorescence of 
carbon dots. It has been reported in literature29,30 that iron oxide nanoparticles quenched 
the fluorescence of semiconductor quantum dots through electronic energy transfer when 
packed together inside the capsules. Lastly, environmental effects cannotbe ignored. For 
example, surfactants such as sodium dodecyl sulfate (SDS) may also play a role in these 
fluorescence systems. Adding a small amount of SDS (1 wt %) into an aqueous solution 
of C-Dots yield as much as a 20% increase in fluorescence (fluorescence quantum yields 
at 440 nm excitation increasing from ~17 % to ~21 %). The pre-functionalization doped 
carbon nanopartilces was dispersed in an aqueous solution of SDS and then filtrated for 
polymeric functionalization. The quantum yield (440 nm) of CZnS-Dots without SDS 
treatment was approximately 25%, only half of the value of their counterparts that did 
undergo SDS treatment. Preliminary results suggest that the well dispersed nature of the 
particles with the aid of SDS in the aqueous solution may well be responsible for th
enhanced fluorescence. With so many factors including sizes of carbon particles, 
properties of dopants, environmental effects and so on, the systems of doped carbon dots 
are too excessively complex to justify the passivation effects for each dopant according 
only to their fluorescence brightness (doping effects), especially for those doped carbon 
dot samples with poor fluorescence quantum yields (the good surface passivation is one 
of the requisite conditions necessary for obtaining highly fluorescent carbon dots). 
Nevertheless, preliminary results show that the spectroscopic performances of carbon 
dots (especially fluorescence quantum yields) are strongly related to the d pant type.  
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Even without a clear understanding of the relationship between the spectroscopic 
performances of carbon dots and the types of dopants, some of the doped carbon dot 
samples including CZnS-Dots, CZnO-Dots and CTiO2-Dots exhibited more than twice the 
fluorescence brightness than the C-Dots, suggesting that the doping by inorganic salts can 
be exploited as a useful contrivance for the fluorescence enhancement of carbon dots. 
Since carbon dots with quantum yields nearing a range of 60% were obtained by 
the fractionation of as-prepared C-Dots,20  it is of considerable importance to examine 
how high quantum yields can be reached by fractionating these highly luminescent doped 
carbon dots. An aqueous gel column packed with SephadexTM G-10031 was used for the 
fractionation of CZnS-Dots. A total of 7 fractions were collected, and the absorption and 
fluorescence spectra of the fractions 1, 3, 5 and 7 of CZnS-Dots are shown in Figure 4.2.21. 
For all of these fractions, the absorption spectra exhibited a shoulder within the blue 
region that was gradually increased in later fractions. The absorption spectra of the most 
fluorescent fraction of C-Dot20 and the most fluorescent fraction (fraction 7) of CZnS-Dots 
were subsequently compared with each other (Figure 4.2.21). The latter exhibited a larger 
well-defined absorption shoulder in comparison with that of the former, indicating the 
additional positive doping effect provided by ZnS doping. The excitation into the 
absorption shoulder of CZnS-Dots in an aqueous solution results in strong luminescence in 
the emissions with quantum yields up to 75% which is also higher than the quantum yield 
record of 60% achieved from the most fluorescent fraction of C-Dots.20  Both the 
fluorescence quantum yields (ΦF) and lifetimes (τF) of the varying fractions of CZnS-Dots 
















Figure 4.2.21 Absorption and fluorescence (440 nm excitation) spectra of the fractions 1 
(A), 3 (B), 5 (C), and the most fluorescent 7 (D) of CZnS-Dots. Also shown in (D), 
represented by the dashed line, is the absorption spectrum of the most fluorescent C-
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Figure 4.2.22 Fluorescence quantum yields (〇) and lifetimes (▲) of the different 
fractions of CZnS-Dots, and the linear relationship between the observed yields and 






























lifetimes show a marked increased in later fractions. The linear relationship between the 
observed yields and lifetimes (Figure 4.2.22, inset) suggests a relatively uniform 
fluorescence radiative process throughout the fractions (namely, that the observed 
fluorescence quantum yield variations were due to a predominant change in the 
competing nonradiative processes from fractions to fractions).20 The fluorescence 
radiative rate constants (kF=ΦF/τF) of CZnS-Dots fractions exhibited an average ~1 x 10
8s-1, 
indicating very strong electronic transitions and large molar absorptivities of these 
samples at the blue absorption band.32-34 These results from the fractionation of CZnS-Dots 
(including both the linear relationship between observed quantum yields and lifetimes, 
and the fluorescence radiative rate constants) are similar to those results obtained 
previously from the fractionation of C-Dots.20 
The most fluorescent fraction of CZnS-dots was characterized by using microscopy 
techniques. As shown in Figure 4.2.23, the most fluorescent fraction represented well-
dispersed carbon dots with an average size of 5.1 nm which exhibits no major difference 
with the pre-fractionation samples, except those fractions containing, on average, slightly 
smaller particles, and a narrower distribution according to statistical analyses. At a higher 
imaging resolution, the doping of a carbon particle with ZnS can be seen. (Figure 4.2.23)  
The identical fractionation strategy was applied to the fractionation of the CTiO2-
Dots composed of 7 sample fractions. The absorption and fluorescence spectra of the 
fractions 1, 3, 5 and 7 of CTiO2-Dots are shown in Figure 4.2.24. The subsequent fractions 
exhibited larger absorption shoulders and higher luminescence quantum yields, which are 

















Figure 4.2.23 A representative TEM image of the most fluorescent CZnS-Dots (upper) and 
high-resolution images of two individual dots (lower), with the corresponding statistical 
size analysis results based on multiple images. (TEM images courtesy of Dr. Li Cao)
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Figure 4.2.24 Absorption and fluorescence (440 nm excitation) spectra of fractions 1 (A), 
3 (B), 5 (C), and the most fluorescent 7 (D) of CTiO2-Dots. (Fractionation of CTiO2-Dots 
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Figure 4.2.25 Fluorescence quantum yields (〇) and lifetimes (▲) of the different 
fractions of CTiO2-Dots, and the linear relationship between the observed yields and 
lifetimes (inset). (Lifetime measurement courtesy of Dr. Li Cao) 
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fluorescent fraction of CTiO2-Dots were able to reach 69%. Fluorescence quantum yields 
(ΦF) and lifetimes (τF) of the varying fractions of CTiO2-Dots are plotted in Figure 4.2.25. 
Generally, the quantum yields and lifetimes in varying fractions have retained their linear 
relationship (similar to, but not as perfect as indicated by the results from the 
fractionation of CZnS-Dots).  The fluorescence radiative rate constants (kF=ΦF/τF) of CTiO2-
Dots fractions, as well as the values of C-Dots20 and CZnS-Dots fractions, were on average 
~1 x 108 s-1. 
The mechanism of fluorescence enhancement of C-Dots20 or doped carbon dots 
by the fractionation is not yet fully understood. Later fractions with higher fluo escence 
quantum yields and longer fluorescence lifetimes, however, may be elucidated by the 
greater degree of surface passivation provided by the surface functional gr up (PEG1500N) 
together with the influence from the smaller particle size.20 Beyond this hypothesis, it can 
be concluded that both the doping and the gel-column fractionation may enhance the 
fluorescence brightness of carbon dots. While ZnS currently provides the bes doping 
effects, the fractionation by gel column can be used to obtain the most-fluorescent 
PEG1500N passivited carbon dots. Hence a combination of both of these effects can result 
in a quantum yield of near 75% for the most fluorescent fraction of CZnS-Dots under 
study. It is also important to realize that neither the surface doping nor procedu es of the 
gel-column fractionation were optimized to the best conditions. Thus far, the potential 
spectroscopic performances of carbon dots may be perhaps close to or even within reach 
of quantitative fluorescence emissions (Quantum yield = 1). 
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In summary, inorganic salts can provide additional either positive or negative 
doping effects to carbon dots. Experiment results showed that the fluorescence brightness 
of these carbon dots was significantly enhanced by ZnS, ZnO or TiO2 doping. In 
combination with the gel-column fractionation, the most fluorescent fractions of doped 
carbon dots can reach quantum yields of 75%. Further studies should focus upon 
optimizing the conditions of the surface doping and the gel-column fractionation, along 
with experiments toward understanding of these highly fluorescent carbon dot sample . 
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FLUORESCENCE DECORATION OF DEFECTS IN CARBON NANOTUBES 
 
5.1 Introduction 
Carbon nanotubes exhibit many interesting and/or unique properties, including 
those that may be exploited for optical applications.1-7 For example, the optical 
absorption of semiconducting single-walled carbon nanotubes (SWNTs) is characterized 
by transitions associated with the van Hove singularities in the electronic density of 
states.6,8 The corresponding bandgap fluorescence in the near-IR has been studied 
extensively for various purposes from fluorescence bioimaging to optically “sorting” 
SWNTs according to their diameters.9-11 
The well-dispersed and functionalized carbon nanotubes, either single- (SWNTs) 
or multiple-walled (MWNTs), were also found to be fluorescent in the visible spectral 
region, extending into the near-IR.5,12 The emissions are thought to be derived from 
nanotube surface defects, for which the functionalization likely provides the necessary 
passivation effects.12 Interestingly, the results from fluorescence polarization 
spectroscopy suggested that the absorption and fluorescence emission transitions are 
parallel,13 obviously along the nanotube axis according to a separate fluorescence 
excitation study of the functionalized nanotubes in an anisotropic polymer host 
(mechanically stretched polymer film).14 Similar to the bandgap fluorescence, the surface 
defect-derived emissions are also subject to significant inter-tube quenching effects in 
nanotube bundles.12 Thus, defect-derived fluorescence has been used as an indicator for 
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the effectiveness of nanotube dispersion and functionalization,15,16 such as in the study of 
carbon nanotubes as fillers in polymeric nanocomposite materials.16 
Surface defects in carbon nanotubes have been considered in a number of studies 
for their potentially major effects on some of the important nanotube properties.1,17-19 
Because they are defect-derived, visible fluorescence emissions in functionalized c rbon 
nanotubes may be used for the probing and understanding of the defects. Moreover, the 
defect sites in carbon nanotubes may be exploited to derive other interesting properties. 
Here we report that the surface defects in carbon nanotubes can be decorated by an 
inorganic salt, followed by organic functionalization (Scheme 5.1), to result in 
significantly enhanced visible fluorescence emissions. The surface decoration and the 
associated strong fluorescence may potentially serve as markers for the structural defects 
in carbon nanotubes. 
 
5.2 Experimental Section 
 
5.2.1 Materials 
SWNTs (carbonaceous purity of the sample 40-60%) were purchased from 
Carbon Solutions, Inc., and MWNTs (nanotube purity 95%) from Nanostructured & 
Amorphous Materials, Inc. The samples were purified according to procedures already 
reported in the literature.20 Zn(CH3COO)2·2H2O (>98%) and Na2S·9H2O (>98%) were 
obtained from Alfa, and O,O’-bis(3-aminopropyl) polyethylene glycol (MW ~ 1,500, 





























(SDS, 99%) were supplied by Acros and VWR, respectively. Millipore Durapore 
membrane filters (pore size 0.22 µm) were acquired from Fisher, dialysis membrane 
tubing from Spectrum Laboratories, and holey carbon-coated copper grids from Electron 
Microscopy Sciences. Water was deionized and purified by being passed through a 
Labconco WaterPros water purification system. 
 
5.2.2 Measurements 
Centrifuge (Baxter megafuge model 2630, up to 6,000g) and bath sonicator 
(VWR model 250D) were used. Thermogravimetric analysis (TGA) was performed on a 
TA Instruments Q500 TGA analyzer. Transmission electron microscopy (TEM) images 
were obtained on Hitachi 9500 TEM and Hitachi HD-2000 S-TEM systems, with the 
latter also being used for the energy dispersive X-ray spectroscopy (EDX) analysis. 
Atomic force microscopy (AFM) imaging was carried out in the acoustic AC mode on a 
Molecular Imaging PicoPlus system equipped with a multipurpose scanner and a 
NanoWorld Pointprobe NCH sensor. 
UV/vis absorption spectra were recorded on a Shimadzu UV2101-PC 
spectrophotometer, and fluorescence spectra on a Spex Fluorolog-2 emission 
spectrometer equipped with a 450 W xenon source and a detector consisting of a 
Hamamatsu R928P photomultiplier tube operated at 950 V. Fluorescence quantum yields 
were determined by the relative method, with quinine sulfate as a fluorescenc sta dard. 
Fluorescence imaging of surface-dispersed samples was performed on a Leica l s r 
scanning confocal fluorescence microscope (DMIRE2, with Leica TCS SP2 SE scanning 
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system) equipped with an argon ion laser (JDS Uniphase) and a femtosecond pulsed 
(~100 fs at 80 MHz) Ti:Sapphire laser (Spectra-Physics Tsunami with a 5 W Millennia 
pump). An oil immersion objective lens (Leica X63/1.40) was used in both one- and two-
photon imaging experiments, while an external non-descanned detector (NDD) was used 
for the two-photon fluorescence measurement. Raman spectra were obtained on a 
Renishaw Raman spectrometer equipped with a 50 mW diode laser source at 785 nm 
excitation. 
 
5.2.3 ZnS-Coated Nanotubes and Functionalization 
The purified SWNTs (600 mg) were dispersed into DMF (300 mL) via sonication 
(720 W, 50 kHz) for 30 min. Zn(CH3COO)2·2H2O (680 mg, 3.1 mmol) was added to the 
suspension under vigorously stirring, followed by slow dropwise addition of aqueous 
Na2S (0.62 M, 5 mL). The precipitate containing ZnS-coated SWNTs (SWNT/ZnS) was 
washed repeatedly with water and then dried in a vacuum oven at 60 °C. The same 
procedure was applied to the preparation of the sample containing ZnS-coated MWNTs 
(MWNT/ZnS). 
A portion of the sample containing SWNT/ZnS (150 mg) was dispersed in an 
aqueous SDS solution (1 wt%, 120 mL) via sonication for 30 min. Upon filtration, the 
filter cake was washed repeatedly with water, dried, and then mixed thoroughly with 
PEG1500N (1.5 g). The mixture was heated to 110 °C and stirred for 72 h under nitrogen 
protection. It was then cooled to room temperature and dispersed in water, followed by 
centrifuging at 3,500g to retain the supernatant as a solution of PEG1500N-funcitonalized 
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SWNT/ZnS (PEG-SWNT/ZnS). The same functionalization reaction scheme and 
conditions were applied to the preparation of PEG-MWNT/ZnS. 
For the functionalization of the carbon nanotubes without ZnS coating (for 
various comparisons),21 purified SWNTs (200 mg) were mixed with PEG1500N (2 g) at 
110 °C, and the mixture was stirred at that temperature for 72 h under nitrogen protection. 
It was then cooled to room temperature and dispersed in water, followed by centrifuging 
at 3,500g to retain the supernatant as a solution of PEG1500N-funcitonalized SWNTs 
(PEG-SWNT). Similarly, the PEG1500N-functionalized MWNTs (PEG-MWNT) were 
prepared. 
5.3 Results and Discussion 
The coating of carbon nanotubes with ZnS was achieved in the formation reaction 
for the insoluble zinc salt, where the suspended nanotubes served as nucleation centers. 
TGA analyses of the coated nanotube samples SWNT/ZnS and MWNT/ZnS were 
performed with a relatively slow heating rate (10 °C/min) to 800 °C in air to determine 
the ZnS contents in the samples. Under the TGA conditions, the nanotube carbons were 
oxidized into carbon dioxide (thus purged out of the system), while the ZnS converted 
into ZnO as residue. The ZnS-to-C mole ratios thus determined were around 1-to-16 in 
both SWNT/ZnS and MWNT/ZnS samples. 
The ZnS-coated nanotube samples were functionalized in the classical amidation 
reaction with the amino-PEG (PEG1500N)
21 to yield aqueous soluble PEG-SWNT/ZnS and 
PEG-MWNT/ ZnS. Similar TGA analyses of the functionalized samples sugge ted that 
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the ZnS-to-C (nanotube carbons only) ratios were little changed (within experimental 
error margins) from those of the pre-functionalization samples. 
Like the PEG1500N-functionalized nanotubes without ZnS coating (denoted as 
PEG-SWNT and PEG-MWNT), the PEG-SWNT/ZnS and PEG-MWNT/ZnS samples 
were readily soluble in water and resulted in colored aqueous solutions (stable, free from 
any precipitation). The solutions were diluted for the dispersion of each sample onto a 
piece of cover-glass. The resulting specimens of PEG-SWNT/ZnS and PEG-MWNT/ZnS 
on the cover-glass substrate were examined using a confocal fluorescence microscope. 
Interestingly, fluorescence images for both specimens exhibited predominantly elo gated 
species with bright spots separated by less emissive segments (Figure 5.1). For 
comparison, the PEG-functionalized SWNTs and MWNTs without the ZnS coating 
(PEG-SWNT and PEG-MWNT, respectively) were imaged under the same conditions. In 
those images similarly elongated yet only weakly emissive species could be identified; 
however, no bright spots were observed (Figure 5.1). 
The obviously much brighter fluorescence emissions in the samples with the ZnS 
coating were confirmed in solution-phase measurements. As compared in Figure 5.2, th  
observed fluorescence intensities of the ZnS-coated samples in solution are much higher 
than those without the coating (quantum yields around 16-19% for the former vs 2-3% 
for the latter, in reference to quinine sulfate as fluorescence standard22), though the 
spectral features are similar. Figure 5.2 also demonstrates that the fluorescence spectra of 
the coated samples measured on the imaging platform under the fluorescence microscope 



















Figure 5.1 Fluorescence images (458 nm excitation at about 100 mW) of the specimens 
on cover glass, left: PEG-SWNT/ZnS (upper), PEG-MWNT/ZnS (lower), and insets for 
corresponding selected species at a higher resolution; right: PEG-SWNT (upper) and 
PEG-MWNT (lower). The measurement conditions were about 7 µs integration time per 


























Figure 5.2 Absorption (ABS) and fluorescence (440 nm excitation) spectra, upper:PEG-
SWNT/ZnS (───) and PEG-SWNT (- - - -); lower: PEG-MWNT/ZnS (───) and PEG-
MWNT (- - - -). Shown in insets are corresponding comparisons between fluorescenc  



























between the bright fluorescence images for the coated nanotubes on the cover glass 
substrate (Figure 5.1) and their intense solution-phase fluorescence emission spectra. 
Based on these results, the ZnS coating must be responsible for the observed significant 
enhancement in fluorescence properties of the coated samples. Also like in functionalized 
carbon nanotubes without the ZnS coating, the observed fluorescence emissions were 
highly photostable, exhibiting no significant decreases in intensities over repeated 
excitations. 
Mechanistically, fluorescence emissions in functionalized carbon nanotubes have 
been attributed to the presence and passivation (as a result of the functionalizat) of 
nanotube surface defects, which act as emissive energy trapping sites upon 
photoexcitation.5,12 In recent studies of fluorescence from functionalized small carbon 
nanoparticles, a similar surface passivation mechanism was proposed for the observ d 
fluorescence emissions.23 Interestingly, it was also found that the coating of the small 
carbon nanoparticles with an inorganic salt like ZnS or ZnO before organic surface 
functionalization could result in much brighter fluorescence.24 The enhancement there 
was attributed to ZnS or ZnO coating the particle surface sites and augmenting the 
passivation effectiveness of the organic functional molecules. Here in the case of carbon 
nanotubes, the ZnS might be coating the nanotube surface defects (including the broken 
nanotube ends) and similarly contributing and augmenting the passivation of the defect 
sites by the PEG molecules (Scheme 5.1). Therefore, the role of ZnS coating in the 
functionalized carbon nanotubes is essentially fluorescence decoration, in which the 
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surface defects on nanotubes are decorated for much brighter fluorescence emissions 
(Figure 5.1). 
It might be tempting to assign the elongated species in the confocal images 
(Figure 5.1) to individual nanotubes and the bright spots to defect sites on the nanotubes. 
However, these species in the images were probably too large in size to be associated 
with only individual SWNTs or MWNTs. More likely, these were nanotubes in small 
bundles coated by ZnS or/and small bundles of ZnS-coated nanotubes, all functionalized 
by PEG molecules. The kind of bundling in the latter should not be negative to 
fluorescence emissions (hardly favorable to intertube quenching). Even in the former the 
attachment between two nanotubes in a bundle might be associated with only a small tube 
segment in each nanotube, thus consistent with the overall “tree branch-like” 
configurations observed as dominant features in fluorescence images (Figure 5.1). In fact, 
the brighter spots in the “tree branch-like” images (Figure 5.1) were likely du  to the 
PEG-functionalized nanotube surface defects that were also heavily coated by ZnS 
(Scheme 5.1). It should be pointed out that the ZnS nanoparticles themselves had no 
absorption at the excition wavelength (458 nm) used for the fluorescence imaging,25 and 
thus they could not be responsible for the observed fluorescence emissions. The bright 
fluorescence images must be due to the functionalized carbon nanotubes (with ZnS 
coating). 
For higher spatial resolution, the same specimen was characterized by AFM in 
such a way that the area on the specimen selected for imaging at a higher resolution by 
AFM would approximately match that used in the fluorescence imaging. As shown in 
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Figure 5.3, the matching of the imaging area between the two techniques was successful, 
which allowed the AFM imaging results to provide more nanoscale structural information 
on the species responsible for the fluorescence images. In the AFM phase image (Figure 
5.3), there are obvious contrasts between the hard (nanotubes and ZnS) and soft (PEG 
molecules) materials, due to their different interactions with the AFM tip.26 It might be 
argued that the unevenness in the AFM profiles for the hard materials was consistent with 
the ZnS coating of the nanotubes. The hard materials in the AFM image, especially those 
that appeared uneven, generally matched well with the bright fluorescent species in the 
confocal image (Figure 5.3). Again, the fluorescence images must be associated with the 
carbon nanotubes, with the brighter spots likely corresponding to the areas or segment 
with significant ZnS coating. 
The coating of carbon nanotubes by ZnS nanoparticles was visualized in electron 
microscopy imaging. The specimens of PEG-SWNT/ZnS and PEG-MWNT/ZnS for the 
imaging were prepared by depositing a dilute solution of each sample onto a holey 
carbon-coated copper grid, followed by evaporation and drying. As shown in Figure 5.4, 
the ZnS nanoparticles were not evenly distributed along the nanotube, but instead 
aggregated around some sections of the nanotube (more clearly illustrated in the case of 
PEG-MWNT/ZnS as the larger size of MWNT made the TEM imaging easier). The 
presence of ZnS in those selected sections was confirmed by results from the energy 
dispersive X-ray (EDX) analysis on the same imaging platform. It might be argued that 
these sections “attracting” ZnS nanoparticles were probably more defective, though such 



















Figure 5.3 The PEG-MWNT/ZnS specimen on cover glass: the AFM phase (upper left, 
with the highlighted regions enlarged in middle left), height (lower left) images, 
fluorescence image at 458 nm excitation (upper right, enlarged from the highlight region 
in the inset), and the overlapping between the AFM phase and fluorescence images 
(lower right). 












imaging alone. Nevertheless, at a higher imaging resolution, the ZnS nanoparticles were 
found to be on the nanotube surface, and both the nanoparticles and carbon nanotubes 
were covered by soft materials (Figure 5.4), consistent with the functionalization by the 
amino-PEG molecules. The results from the special AFM-confocal matching experiments 
and the electron microscopy characterization were all consistent with the structure 
illustrated in Scheme 5.1 for the elongated fluorescent species with periodic brighter 
spots found in the confocal images (Figure 5.1). Apparently for the visible fluorescence 
derived from passivated surface defects in functionalized carbon nanotubes, the coating 
of the defects with ZnS could result in significant enhancements in the fluorescenc  
properties. This is phenomenologically and probably also mechanically similar to what 
has been observed and reported for fluorescent carbon nanoparticles,23,24 namely that the 
effect of ZnS coating in both functionalized carbon nanotubes and nanoparticles might be 
attributed to the contribution of the ZnS to defect or surface passivation, in addition to 
what is provided by the attached PEG molecules. The enhanced passivation effect by th  
ZnS coating for brighter fluorescence emissions is relatively easier to probe in carbon 
nanotubes than in carbon nanoparticles since the one-dimensional structure of the former 
provides a better imaging platform with fluorescence confocal microscopy. 
Mechanistic details on the fluorescence enhancement by ZnS coating of the 
nanotube defects remain to be understood. However, a clear distinction should be made 
between the defects-derived fluorescence emissions discussed here and those associated 
with bandgap transitions.9-11 In fact, the bandgap fluorescence in semiconducting SWNTs 




















Figure 5.4 TEM images of the specimens on holey carbon-coated copper grids, upper: 
PEG-SWNT/ZnS (left: S-TEM Z-contrast dark field; right: TEM bright field; and insets: 
corresponding high-resolution images); lower: PEG-MWNT/ZnS (left and right: S-TEM 
Z-contrast dark field; and inset: TEM bright field at high resolution). 






chemical functionalization at the defect sites). For the effect of ZnS coating, a reviewer 
proposed an interesting possibility that the coating might have increased the population of 
defect sites rather than enhanced the defect passivation. However, according to previous 
studies the fluorescence emissions were generally associated with passivated structural 
defects, not noncovalent modification of nanotube walls. Raman results of ZnS-coated 
carbon nanotubes obtained from thermal defunctionalization (heated to 400 °C and kept 
for 30 min in inert atmosphere) of PEG-SWNT/ZnS and PEG-MWNT/ZnS are shown in 
Figure 5.5. The larger D bands (1336 cm-1 for SWNT/ZnS and 1311 cm-1 for 
MWNT/ZnS) than G bands (1563 cm-1 for SWNT/ZnS and 1594 cm-1 for MWNT/ZnS) 
suggested a high population of defects in the functionalized samples. However, there 
were reports in the literatures27,28 showing no meaningful changes in resonance Raman 
results between carbon nanotubes without and with ZnS coating, implying no significant 
increases in the defect population post ZnS coating. Thus, the preferential solubilization 
of carbon nanotubes containing more defect sites in the functionalization reactions29 may 
be accounted for the high population of defects. 
The bright visible fluorescence emissions in PEG-SWNT/ZnS and PEG-
MWNT/ZnS samples could also be observed with two-photon excitation in the near-IR. 
In the measurements, the same specimens on the cover glass substrate used in the 
confocal imaging were excited at 800 nm with a femtosecond pulsed laser. The 


















Figure 5.5 Raman spectra (785 nm excitation) of SWNT/ZnS (───) and MWNT/ZnS (· 
·) obtained from thermal defunctionalization (heated to 400 °C and kept for 30 min in 
inert atmosphere) of PEG-SWNT/ZnS and PEG-MWNT/ZnS, respectively. (Raman 
spectra courtesy of Mr. Sushant P. Sahu) 
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microscope exhibited similarly tree branch-like features with some brighte  spots (Figure 
5.6), in general agreement with those found in the confocal imaging (Figure 5.1). The 
two-photon (800 nm excitation) fluorescence spectrum for the specimen on the 
microscope also matched well with the solution-phase spectrum measured in a 
fluorescence spectrometer (400 nm excitation, Figure 5.6), suggesting that the s me 
visible fluorescence emissions could be obtained by either one- or two-photon excitation. 
In summary, the surface defects in carbon nanotubes upon functionalization exhibit 
visible fluorescence emissions. The effect of functionalization may be augmented by 
coating the defects with an inorganic salt such as ZnS to result in much enhanced 
fluorescence intensities, which may prove valuable to applications that rely on the optical 
properties of carbon nanotubes. The fluorescence decoration with the coating may also 
serve as a tool in the study of surface defects in carbon nanotubes. The observation of 
similarly enhanced two-photon fluorescence emissions in the coated carbon nanotubes 
may also prove significant, as in general brightly two-photon fluorescent dyes are scarce. 
Further structural and mechanistic investigations on these nanomaterials are needed and 
planned. 

















Figure 5.6 Two-photon (800 nm femtosecond laser excitation) fluorescence image of 
PEG-MWNT/ ZnS (left) and a comparison of the corresponding fluorescence spectrum 
(─o─) with the one-photon spectrum in solution (400 nm excitation, ───). 
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